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Summary. A glutamine synthetase (OS) cDNA isolated 
from an alfalfa cell culture cDNA library was found 
to represent a cytoplasmic GS. The full-length alfalfa 
GSj coding sequence, in both sense and antisense orien- 
tation and under the transcriptional control of the cauli- 
flower mosaic vims 35S promoter, was introduced into 
lobacco. Leaves of tobacco plants transformed with the 
sense construct contained greatly elevated levels of GS 
transcript and GS polypeptide which assembled into ac- 
tive enzyme. Leaves of the plants transformed with the 
antisense GS t construct showed a significant decrease 
in the level of both GS l and GS 2 polypeptides and GS 
activity, but did not show any significant decrease in 
the level of endogenous GS niRNA. We have proposed 
that antisense inhibition using a heterologous antisense 
GS RNA occurs at the level of translation. Our results 
also suggest that the post-translational assembly of GS 
subunits into a holoenzyme requires an additional fac- 
tors) and is under regulatory control. 

Key words: Glutamine synthetase Heterologous anti- 
sense RNA < Transgenic plants Tobacco 



Introduction 

Glutamine synthetase (GS; EC 6.3.1.2) catalyzes the 
ATP-dependent formation of glutamine from glutamate 
and ammonia. GS catalyzes the reassimilation of ammo- 
nia released from a variety of metabolic pathways such 
as photorespiration, cataholism of amino acids and me- 
tabolism of phenylpropanoids. GS is also involved in 
nitrate (or nitrite) assimilation in leaves and roots and 
in dinitrogen fixation in root nodules of legumes (Miflin 
and Lea 1980), In plants, GS is an octamcr and has 
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a native molecular weight of approximately 320 
380 kDa (Stewart et al. 1980). 

In plants, GS is encoded by a small muitigene family 
that show organ-specific patterns of expression, with 
separate genes encoding leaf cytoplasmic and chloro- 
plastic GS isofonns (GS- and GS : , respectively), root 
GS and nodule GS isofonns in legumes (Tingev et al. 
1987; 1988; Gebhardt et al. 1986; Lightfoot et a]* 1988; 
Forde and Culllmore 1989; Peterman and Goodman 
1991). Based on the site of localization, the different 
GS isofonns assimilate ammonia derived from different 
sources. Analysis of phoiorespiratory mutants of barley 
has established that reassimilation of phoiorespiratory 
ammonia is the function of the chloroplast-localized GS 2 
protein (Blackwell et al. 1987), Furthermore, analysis of 
transgenic plants containing GS 2 or GSj promoters, has 
shown that GS l genes arc only expressed in the cells 
around the phloem, suggesting that the GS 5 isoform 
functions in generating glutamine for nitrogen transport 
(Brearset al. 1991). 

The regulation of GS gene expression is not yet fully 
understood. The genes for GS< and GS : are differential- 
ly expressed during plant growth and development 
(Forde and Cullimore 1989; Edwards et al. 1990; Brears 
et al. 1991 ; Kamaehi el ah 1991), reflecting the different 
roles and cellular compartmentalization of the two 
isoenzymes (Mann ct al. 1980; Tingey et al 1988; Ed- 
wards and Coruzzi 1989). In addition, it has been shown 
that the pea GS 2 promoter is light-induced (Tingey et al 
1988; Edwards et al. 1990) and that the accumulation 
of GS mRNA may in part be due to a phytochromc- 
mediated response (Sakamoto ct al. 1990). Phoiorespira- 
tory ammonia production also regulates pea GS 2 expres- 
sion (Edwards and Coruzzi 1989). In root nodules, a 
nodule-specific GS isoform that appears to be primarily 
under developmental control has been reported for sev- 
eral species, including bean (Lara et al. 1983; Forde et al. 
1989), alfalfa (Dunn et al. 1988), lupin (Konieczny et al. 
1988) and soybean (Sengtipta-Gopalan and Pitas 1986; 
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Sengupta-Gopalan ctal. 1991). However, soybean nod- 
ules also seem to have a cytoplasmic GS gene that is 
not nodule specific and appears to be regulated by am- 
monia or a related metabolite (Hire! et ah 1987). The 
promoter of the gene when used in ^-glucuronidase 
(GUS) fusions, is a mmonia -inducible in transgenic Lotus 
cornkulatm but not in transgenic tobacco (Miao et ah 
1991). 

To increase our level of understanding of GS function 
and regulation in plants, we have attempted to alter the 
levels of GS expression, using both overexpression and 
downregulation, by genetic engineering (van der Krol 
et ah 1988 b). Successful downregulation of plant genes 
using homologous antisense genes has been reported for 
a growing number of different systems: chalcone syn- 
thase (van der Krol et ah 1988a ; 1990a, b), polygalactur- 
onase (Smith et ah 1990), ribuIose-l,5-bisphosphatc car- 
boxylase (Rubisco) small subunit (Quick et ah 1991) and 
the 10 kDa photosystem I I polypeptide ( Slock haus et ah 
1990). However, lew examples of successful down-regu- 
lation in a heterologous system have been reported (van 
der Krol et ah 1988b; Visser et ah 1990 : Schuch et ah 
1990). 

In this study, we have used an alfalfa GS t antisense 
RNA to test if it can down-regulate both GS* and GS 2 
gene expression in the heterologous system, tobacco. 
Our experiments, while clearly demonstrating the effec- 
tiveness of this approach, suggest that the mechanism 
of downregulation using a heterologous antisense RNA 
does not fit the established model of RNA: RNA (or 
RNA: DNA) duplex formation resulting in rapid degra- 
dation or impaired transcript processing (van der Krol 
et ah 1 988b). We have also overexpressed the alfalfa 
gene in tobacco and established that the encoded poly- 
peptide can assemble into a functional enzyme. The re- 
sults of preliminary biochemical and molecular analysis 
of some of these plants are presented. 

Materials and methods 

Recombinant DNA techniques. Standard procedures were 
used for recombinant DNA manipulations (Mania lis 
et ah 1982). Plasmid pGSiOO containing an alfalfa GS 
cDNA isolated from a Medicago saliva cell culture line 
(DasSarma et ah 1986) was a gift from Dr. H.M. Good- 
man (Dcpt of Molecular Biology and Genetics, Harvard 
Medical School, Mass., USA). A 1.35 kb Ssp\ fragment 
encoding the entire GS coding region and extensive 5' 
and 3' untranslated regions was subcloned in both orien- 
tations into the Smal site of pSP73. The gene was recov- 
ered as a ClahSall fragment that was inserted into the 
ClahXhol polylinker sites of pMON316 (Rogers etah 
1987) in both sense and antisense orientations relative 
to the 35S cauliflower mosaic virus (CaMV) promoter 
and nopaline synthase (NOS) 3' transcription termina- 
tor. The resulting plasmids, pGSlll and pGSl21, con- 
tained the alfalfa GS gene in sense and antisense orienta- 
tions with respect to the 353 promoter (Figs. 2 and 3). 

Plant transformation, Plasmids pGSlll and pGS 12 1 
were mobilized from Escherichia colt DH.5* into the 



Agrobacieriwn rumefaciem receptor strain pTiT37ASE 
by tripa rental mating as described by Rogers eial 
(1987). Nicotiana tabacum cv. Xanthi plants were trans- 
formed using the leal' disc transformation procedure 
(Horsch et ah 1985). Transfurmants were selected and 
regenerated on MS medium containing 100 ug of kana- 
mycin per ml. Shoots appeared 4 6 weeks after inocula- 
tion. These shoots were rooted oh the same medium 
containing bmamycm, but minus the hormones, and 
transfered to potting soil :perlite: verm iculite (3:1:1) for 
maintenance in a greenhouse. 

Isolation of paly (A ) * RN A and Northern blot analysis. 
Total RNA was isolated using the LiCl precipitation 
procedure described by De Vries et ah (1982). Poly(A) + 
RNA was isolated by subjecting total RNA to poly(IJ) 
Sepharose chromatography (Murray ctal. 1981). IV 
ly(A) 1 RNA was fractionated in 1% agarose formalde- 
hyde gels and blotted onto nitrocellulose. Hybrids/at ion 
was carried out in 50% formamide at 4T : C using stan- 
dard conditions (Maniatis et ah 1982). Probes were pre- 
pared by either labeling purified DNA fragments by ran- 
dom priming (Feinberg and Vogelstein 1983) or using 
strand-specific RNA probes. The 1.0 kb BgllhBamHl 
fragment from pGSiOO that included most of the alfalfa 
GS coding region was subcloned into the BamHl site 
of pSP73 in the sense orientation relative to the SP6 
RNA polymerase transcription initiation site to give 
pGS301. A 32 P-labeled single-stranded GS antisense 
RNA probe was synthesized in vitro using Smal -linear- 
ized pGS301. T7 RNA polymerase and [ 3: P]CTT (Riho- 
probe System. Pro mega. Wis,). Following hybridization 
using a riboprobc, the filter was washed at low stringen- 
cy, 3 x 1 5 min at 42° C in 2 x SSC 0.1 % SDS. The exten- 
sive nonspecific background binding was removed by 
rinsing the filter in 2 x SSC followed by incubation in 

I pg/ml RNAase A in 2 xSSC at room temperature for 
30 min. Finally the filter was washed at higher stringency 
in 0.1 x SSC, 0.1 % SOS (2 x 15 min at 42° C). 

Hybrid select translation. This was carried out essentially 
as previously described (Sengupta-Gopalan and Pitas 
1986). The insert DNA (Sspl fragment of pGS100) was 
immobilized on nitrocellulose filter disks and hybridized 
with 10 fig poly(A) 4 RNA isolated from alfalfa leaf and 
root. The selected RNA was recovered using lOug o\ 
calf liver tRNA as a earner. The RNA was translated 
in vitro using the wheat germ system (Promega. Wis.! 
using [ 35 S]methionine (N EN) as the tracer ammo acid. 
The translation products were separated by SDS-PAGfc 
and made visible by fluorography and autoradiography 
(Laskey and Mills 1975). 

Polyacrylamide gel electrophoresis. Two different PAGE 
systems were employed, both using the BioRad Protean 

II system: 

A. SDS-PAGE system according to Laemmli (1970} us- 
ing 14% slab gels. Proteins were then blotted onto nitro- 
cellulose electrophoretically in 25 mM TR1S, 192 mM 
glycine. 5% methanol, pH 8.2. The nitrocellulose was 
blocked overnight with 1% BSA in TRIS-buffcred saline 
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containing 0.05% Tween 20 and probed with a suitable 
antibody. The aotisera used was raised against: (1) pea 
seed GS (Langston-Unkcfcr et al. 1987), diluted 1 : 1000; 
(2) Mesemhryanthemum crystal! inum phosphoe no lp yr~ 
u vat e carboxylase (PEPQ, diluted 1:1000 (a gift from 
Dr. HJ. Bohnert); and (3) NADH-dcpcndent hydroxy- 
pyruvate reductase (HPR), diluted 1 : 16000 (Titus et al. 
1983), Cross-reacting bands were made visible using an 
alkaline phosphalase-linked second antibody employing 
the substrates nitro blue tetrazolium and 5-bromo-4« 
chloro-3-indolyl-phosphate, used according to the sup- 
plier's instructions (Promcga, Wis ). 
B. A native PAGE system using 7.0% slab gels run in 
25 mM TRIS, 192 mU glycine overnight at 4° C and 
25 mA constant current. The GS activity on native poly- 
acrylamide gels was detected using the transferase assay 
(Shapiro and Stadtman 1970). fallowing staining, the 
activity gels were photographed with Tech Pan film 
(2415) using a blue filter. 

Determination of glut amine synthetase activity. Tobacco 
leaf tissue was ground in a mortar with ice-cold 100 mM 
TRIS-HC1 (pH 7.8) containing 100 mM 2-mercaptoelh- 
anol, 10 mM MgCl 2? 5 mM glutamate and 1% (w/v) 
isoluble polyvinylpyrrolidone. An extraction buffer to 
tissue ratio of 4:1 was found to maximize the stabiliza- 
tion of GS activity even in older tobacco leaf tissue. 
The homogenate was clarified by centrifugation 
(40000* for 15 mm at 4° C). The GS activity of the 
supernatant was measured using the AD Independent 
transferase assay of Shapiro and Stadtman (1970). One 
unit of GS activity is defined as 1 umol of y-glutamyl 
hydroxamate formed per min. Protein concentration was 
determined by the dye-binding method of Bradford 
< 1 976 j with bovine serum albumin as a standard. 



Results 

The GS eDNA clone from alfalfa cell culture represents 
the CfSi gene and does not hybridize to GS 2 mRNA 

The full-length alfalfa GS cDNA clone obtained from 
Dr. Goodman was isolated from a eDNA library made 
from RNA from alfalfa suspension culture (DasSarma 
et al. 1986). To determine which form of GS the cDNA 
clone represents and establish its relative level of expres- 
sion in different alfalfa tissues, we analyzed the RNA 
from alfalfa root, nodule and leaf by Northern blot hy- 
bridization. As seen in Fig. 1 A and B. all three probes 
(the 5' and 3' untranslated regions of the eDNA and 
the coding region) hybridized strongly to the root and 
nodule mRNA and very weakly to leaf RNA. Of the 
three probes, the coding sequence exhibits the highest 
relative level of hybridization to the leaf RNA (probe 
2, Fig. 1 A). Alfalfa leaves contain higher levels of GS 
protein and activity than roots and the major fraction 
of GS protein in leaves can be attributed to the chloro- 
plast form. The absence of any significant hybridization 
between the alfalfa GS cDNA and leaf RNA would sug- 
gest that the cDNA represents a cytoplasmic GS and 
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Fig. 1 A-C Characterization of the glutamme synthetase alfalfa 
(GS) cDNA clone (DasSarma et al 1986). A Northern blot analysis 
of 3 ug poly(A) * RNA isolated from alfalfa root (R), nodule (N) 
and leaf (L). The blots were hybridized with 32 P-Iabcled ON A 
fragments 1, 2 and 3 isolated from the alfalfa GS cDNA (HJ. B 
Positions of the restriction sites used in the preparation of the 
probes: S, Ssp\: G, J5fc/Il ; R. filvolil: B. BamlU, C Comparison 
of Western blot analysis of alfalfa root Cane 1} and leal" (lane 
2) total soluble protein extracts (100 fig/lane I separated by Si K 
PAGE and probed with pea seed GS antibody compared with 
the in vitro translation products obtained following hybrid select 
translation of alfalfa nodule (lane 3), root (lane 4j and leaf {lime 
5) poly(A) RNA using the plasmid pGSlOO 



that the cloned cDNA does not hybridize significantly 
to GS 2 mRNA. 

The GS 2 and GS X polypeptides can be distinguished 
by their molecular weights. Thus, the primary transla- 
tion products of mRNA hybrid-selected with the GS 
cDNA from the total mRNA population of leaf and 
root, should reflect the extent of sequence homoloqv 
between the GS eDNA and GS, GS, mR N As. While 
the root contains only GS, mRNA, the leal" tissue con- 
tains predominantly GS 2 mRNA and only a small frac- 
tion ofGSj mRNA (Tingey et al. i ( >8 7 ; Cock ei ai. 1990; 
Pelcxman and Goodman 1991). The GS cDNA was used 
to hybrid select GS mRNA from root, leaf and nodule 
poly(A) 4 RN A populations, The RNA was translated 
in vitro in the wheat germ system and the translation 
products subjected to SDS-PAGE in parallel with total 
soluble proteins from root and leaf. Following electro- 
blotting onto nitrocellulose, the strip containing the 
translation products was subjected to autoradiography 
while the strip with the total soluble protein was sub- 
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Fig. 2A-C. Analysis of tobacco plants transformed with a sense 
alfalfa GSj gene. A The sense construct pGSlit. The full-length 
GS cDNA (DasSarma ct al. 1986) was inserted in the sense orienta- 
tion between the CaMV 35S promoter and the nopahnc synthase 
(NOS) terminator mlo the poiylmker of pMON3J6. The positions 
of the 5' and 3' untranslated regions and translation start cod on 
(ATG) arc indicated. B Western blot analysis of total soluble leaf 
protein extracts (200 jig/lane) from control tobacco (CON), alfalfa 
(ALF) and three independent tobacco sense transforms Ms (SEN). 
The samples were separated by SDS-PAGF. transferred to nitrocel- 
lulose and the filter probed with pea seed GS antibody. The posi- 
tions of GSj and GS 2 polypeptides are indicated. The plants used 
in this analysis were approximately 2-3 weeks post-planting in 
the soil. C Total soluble leaf protein (t mg/lane) from alfalfa (ALF) 
control tobacco (CON) and sense tobacco transformants (SEN) 
were separated by native PAGE, The gel was then stained for 
GS activity using the transferase assay. The plants used in this 
analysis were approximately 6 8 weeks post-planting in the soil 



jected to Western analysis. As seen in Fig. 1 C, in all 
cases the higher molecular weight hybrid-selected trans- 
lation (HST) product (38-39 kDa) comigralcd with the 
major root GS isoform and the minor GS isoform from 
leaf (GSJ. No HST product, migrating like the GS > pre- 
cursor in the leaf was detected. While we do not. know 
what the major lower molecular weight (34 35 kDa) 
HST product represents, we cannot rule out the possibil- 
ity that it is the result of incomplete synthesis of the 
GS[ polypeptide. 

Taken together, our results suggest that the GS 
cDNA used for the ami sense GS constructs encodes a 
GS, polypeptide that is expressed predominantly in the 
roots and nodules and forms a minor component in 
leaves. 



Constitutive expression of the GS l gene in the sense 
orientation results in an increase in GS- proiein 
in transgenic tobacco 

The entire alfalfa GS\ cDNA containing the coding re- 
gion and the 5' and 3' flanking regions was placed behind 



the 35S promoter in the sense orientation (Fig. 2 A) and 
introduced into tobacco. Western blot analysis of crude 
leaf extracts from young transformed (R 0 ) and control 
plants showed that plants with the GS, sense construct 
contained elevated levels of GS 3 and GS, polypeptides 
(Fig. 2B, lanes 4 6), The GS, polypeptide, however 
showed a relatively greater increase. Of course, one can- 
not rule out the possibility of protein saturation 'on the 
blot in the case of the GS 2 protein. However, the GS-, 
in transformed tobacco did not show any forms with 
an elcctrophoretic mobility similar to thai of alfalfa GS, 
polypeptides, confirming that the introduced gene in- 
deed codes for GS,. While iransformanis l-Taml F2 
showed comparable levels of the GS proteins, tra infor- 
mant Al showed a slightly lower level of GS proteins. 
An immunoreactive protein band with higher electro- 
phoretic mobility than authentic GS was detected in all 
tobacco lanes, but at variable levels. The crude leaf ex- 
tracts were also subjected to native gel electrophoresis 
and stained for GS activity. As seen in Fig. 2C, in the 
transformants a novel band of GS activity, in addition 
to the endogenous band of activity, was localized in a 
region comigrating with alfalfa leaf GS activity. An in- 
crease in activity was also observed in the region of en- 
dogenous tobacco leaf GS activity. Since the major GS 
activity in leaves is due to GS 2 , an increase in the level 
of the endogenous GS activity band in the GS, sense 
transformants can be attributed to an increase in GS ; 
protein. 



Constitutive expression of the GS X gene in (he antisense 
orientation results in a decrease in GS 1 and GS 2 proteins 

The alfalfa GSi cDNA was placed in the antisense orien- 
tation distal to the 35S promoter (Fig. 3 A) and intro- 
duced into tobacco. Crude total soluble protein extracts 
from leaves of alfalfa, young transformants (R 0 ) (with 
antisense GS! constructs) and control tobacco plants 
were subjected to SDS-PAGE followed by tmmunoanu- 
lysis with GS antibody (Fig. 3 B). Transformants ('2, 1)1 
and D3 ail showed a reduction in the level of GS ; protein 
when compared to the control (Fig. 3B, lanes 4 6). A 
decrease in the level of GS 2 polypeptide was also ob- 
served in transformant Dl and to a very small extent 
in C2, The transformant D3, however, showed a slightly 
elevated level of GS 2 polypeptide. The results indicate 
that antisense alfalfa GSj constructs are effective in low- 
ering the level of endogenous GS, protein levels and, 
to some extent, GS 2 protein in the heterologous plant, 
tobacco. Immunoreactive protein bands, one migrating 
faster and one migrating more slowly than the authentic 
GS proteins were present in most lanes containing tobac- 
co proteins. The levels of these proieins appeareo to 
be independent of the GS, -GS-. leveK in (he plant. ! :ic 
nature of these protein hands is not Know:; at tins slau-. 
it is likely, however, that the small molecular weight 
immunoreactive products represent specific proteolytic 
products of GS. 
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Fig* 3A and B. Analysis of tobacco plants transformed with an 
antisense alfalfa GSj gene. A The antisense construct pGS121. 
The full-length GvS cDNA (Das Sarni a et al. 1986) was inserted 
in the antisense orientation between the cauliflower mosaic virus 
(CaMV) 35S promoter and the nopaline synthase (NOS) termina- 
Lor into the poly linker of pMON3l6. The positions of the 5' and 
y untranslated regions and GTA codon arc indicated, B Western 
blot analysis of total soluble leaf protein extracts (200 ug/lane) 
from control tobacco (CON), alfalfa (ALF) and three independent 
tobacco antisense transformams (AS). The dimples were separated 
by SDS-PAGli, transferred to nitrocellulose and the filler probed 
with pea seed GS antibody. The positions of GS V and GS 2 polypep- 
tides are indicated. The plants used in this analysis were approxi- 
mately 2-3 weeks post-planting in the soil 



GS sense and antisense transcripts accumulate to levels 
several-fold higher than the endogenous tobacco GS 
mRNA 

PoIy(A) 4 RNA from the leaves of plants transformed 
with the sense and antisense constructs and control 
plants was subjected to Northern blot analysis using a 
double-stranded GS gene fragment from pGSlOO 
(Fig. 4). The accuracy of RNA loading was verified by 
probing the RNA blots with a rRNA gene probe (data 
not shown) and a Rubisco small subunit probe (De 
Rochcr eial. 1991). As seen in Fig. 4 A (lanes 2, 3, 4, 
6, 7 and 8), both sets of transformants (containing either 
the sense or antisense GS constructs) exhibited higher 
levels of hybridization with the GS gene probe compared 
to the control (lanes 1, 5). The results suggest that both 
the sense and antisense transformants were accumulat- 
ing high levels of the corresponding GS transcript. While 
the transformants with the sense GS constructs appeared 
to contain more GS transcripts than the transformants 
with the antisense GS constructs, a high degree of plant 
to plant variation in the level of GS transcripts was ob- 
served in both sets of transformants. Thus, sense GS 
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Fig. 4A-C Analysis of the GS transcripls in the leave* oi" the trans- 
formed tobacco plants. A Poly(A) ' RNA \2 ug/lane) from controls 
(lanes j and 5), three independent transformants containing anti- 
sense GS (lanes 2 4) and three containing the sense GS construct 

(lanes 6-8) were subjected to Northern analysis using probe 3 of 
the GS cDNA (Fig. 1 B). B Longer exposure of lanes \ 5. € The 
same blot probed with the nbukxse-t,54>isphosphate carboxylase/ 
oxygenase small subun.it 



transformant Al appeared to have about a 10-fold lower 
level of GS transcripts than transformants El and E2 
(based on the hybridization signal, Fig. 4 A) and the 
antisense GS transformant D1 similarly appeared to 
have a 10- to 20-fold higher level of antisense GS tran- 
script than the transformant D3. The antisense GS tran- 
scripts appeared to migrate as three difiercr]' molecular 
weight species (Fig. 4B). This can probably be accounted 
for by the choice of polyadenylation sites and/or length 
of poly(A) tails. 

There appears to be a correlation between the level 
of the sense GS transcripts and the increase in GS X poly- 
peptide, and between the steady-state ievel of antisense 
GS transcript and the reduction in GS polypeptides in 
the transformants, However, the correlation is not en- 
tirely quantitative. The sense transformants E l and E2, 
in spite of an approximately 10- fold higher level of GS 
transcripts compared to transformant At, showed only 
a slight increase in the GS, polypeptide (Fig. 2 B). 



No decrease in endogenous GS mRNA in plant \\ 
with antisense GS constructs 

To check specifically for changes in the levels of the 
endogenous GS mRNA in the antisense plants, po- 
ly(A) + RNA from antisense GS and control plants was 
subjected to Northern analysis using the strand -specific 
riboprobe targeted against the endogenous sense GS 
transcripts. The RNA loadings were the same as in 
Fig. 4. As seen in Fig. 5 A, no difference in hybridization 
to the riboprobe was observed between antisense GS 
plants and control plants. Our results suggest thai the 
antisense all aim GS transcript does not lower the steady- 
state level of the endogenous GS transcripts in the hcie;- 
ologous plant, tobacco. Since a significant decrease in 
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Fig. 5 A and B, Analysis of the endogenous tobacco GS transcript 
levels in the leaves of transforrmtnts containing the antisense con- 
struct. A Analysis of the GS, transcript levels in the transformed 
tobacco plants. Poly(A) ! RNA ("2 jag/lane) from the leaves of con- 
trols (lanes t and 4) and two plants; transformed with the antisense 
GS constructs (lanes 2 and 3) were subjected to Northern analysis 
using an antisense strand-specific riboprobe to the coding region 
of the alfalfa GS cDNA. B Analysis of the US, transcript levels 
in the transformed tobacco plants. Foly(A) ' RNA (2 j4g/lanc) from 
controls (janes 1 and 4). two independent trans.fonna.nts containing 
antisense GS (01 and D3, lanes 2 3) and two containing the seme 
GS construct (El and Al, lanes 5 6) were subjected to Northern 
analysis using a 1.5 kb EcoRJ fragment from pGS.185 that encodes 
a pea GS 2 cDNA (Tingcy and Coruzzi 1987) 



GS proteins is observed in the G$ i antisense plants, 
it is likely that inhibition occurs at the level of transla- 
tion. 



vo change in ike steady state levels of GS 2 mRNA in 
he transformams 



No 
rh 



To cheek if overcxpression or downregulation of GS t 
affects the level of GS 2 transcripts, leaf poly (A) RNA 
from the transformants and control plants was subjected 
to Northern blot analysis using a double-stranded GS 2 
gene probe from pea (Tingey et al .1988). The blot was 
probed with a rRNA gene probe to standardize loads 
(data not shown). As seen in Fig. 5B, while the antisense 
transformant Dl (lane 2) showed a slightly lower level 
of hybridization, the sense GS, transformants (lanes 5' 
and 6) showed no difference compared to the control 
(lanes 1 and 4). The results suggest that the pea GS 2 
probe does not hybridize to the alfalfa or tobacco GSj 
transcript. Furthermore, the results also suggest that 
overexpression of GSj sense or G$ x antisense transcripts 
does not significantly affect the level of GS 2 transcripts. 



Assembly of GS submits into a holaemyme is under 
regulatory control 

The steady-state level of GS t protein in the GS t overex- 
pressing transformants did not show a direct correlation 
with the steady-slate level of the corresponding tran- 
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Fig. 6 A C. Analysis of possible regulatory control of GS holoen- 
zymc assembly. A Western blot analysis of total soluble leaf protein 
extracts (200 ug/lane) from mature control tobacco (CON) and 
a mature sense transformant (SEN), The samples were separated 
by SDS-PAGE, transferred to nitrocellulose and the filter probed 
with pea seed GS antibody. The positions of GSj and GS 3 polypep- 
tides are indicated. B Excised leaves from control tobacco (CON), 
sense transformant E2 (SEN) and antisense transformant Dl (AS) 
were incubated overnight in infusion butler (10 mM i>,l -malic acid, 
10 mM K 2 HPG 4 , pit 4.1 ; Grabau et al. 1986} in (he presence and 
absence of the GS inhibitor tahtoximne-/i-lae(.am (T//L; 25 uM). 
Total soluble ptoitin extracts (100 ug/lane) were separated by SDS- 
PAGE, transferred to nitrocellulose and the filter probed with pea 
seed GS antibody. The positions of OS. and < iS_ polypeptides 
are indicated. C Proposed model for the post translations regula- 
tion of the assembly of the GS hoioeio'.yme. Processes labeled 1. 
2 and 3 denote assembly, turnover and proteolysis, respectively. 
Thin arrows represent norma! rates of turnover, dashed arrows rep- 
resent reduced rates, while thick arrows represent highly enhanced 
rates. The site of action of T6X is denoted as a thick cross bur, 
while the inhibitory effects of the blockage on GS assembly are 
represented by broken crosses. AS, SEN and CON represent anti- 
sense, sense and control plants, respectively 



script. Furthermore, analysis of the GS protein profile 
in crude leaf extracts from older GS x over-expressing 
plants has consistently shown the presence of higher lev- 
els of small molecular weight immunoreaetive products 
compared to controls (Fig. 6A). These small molecular 
weight immunoreaetive proteins most probably repre- 
sent GS breakdown products. Taken together, these rc- 
suits suggest that GS, subunits synthesized in excess oJ • 
a certain threshold level are degraded. 

Hence we propose that the measured icvei of GS .sub- 
units, particularly in older plants, is not a true measure 
of synthesis, since this does not take GS turnover into 
account. To obtain a true measure of GS synthesis, we 
analyzed the effect of in vivo stabilization of GS by 
tabtoxine-^Iactam in control plants and transformants 
with either the sense or antisense GS constructs. Tabtox- 
imne-/Mactam (Tj8L), an irreversible inhibitor ofGS en- 
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xyroe, binds to the GS holocnzyme and prevents its dis- 
associalion into subunits, thus preventing its turnover 
(Temple et al 1990). As seen in Fig. 6B, uptake of Tf$L 
by the leaves resulted in higher levels of accumulation 
of GS proteins compared to untreated tissue in all three 
cases. However, while the leaf from the plant with the 
antisense GS, construct showed about a fivefold increase 
in the level of GS t and GS 2 proteim as a result of T/?L 
treatment, the T^L-treated leaf from the GS t overex- 
pressing plants showed only a slight increase in GS) 
and GS 2 levels over the untreated control. The increase 
in GS levels in T/?L treated control leaf over untreated 
leaf was intermediate between thai obtained for the GS. 
antisense and the GS X overexpressing plants. Irrespective 
of the levels of GS proteins in the untreated samples, 
after Tj?L treatment the levels of GS subunits in the 
GSj antisense and GS, overexpressing plants were ident- 
ical This would imply that the amount of GS holocn- 
zyme that is stabilized by T/iL is about the same in 
both the GS X antisense and the GS 3 overexpressing 
plants. Taken together, the results suggest that the as- 
sembly of GS subunits into a holocnzyme is a rate-limit- 
ing step. 



Manipulation of the level of GS protein in tobacco affects 
total GS act wiiy and total protein content 

While the antisense GS , transformant showing the high- 
est level of GS, antisense RNA (Dl) exhibited visible 
symptoms of nitrogen deficiency, the GSj overexpress- 
ing plants (El and E2) were visibly greener than control 
plants. This would imply that manipulation of the GS 
protein level affects overall plant performance. As seen 
in Fig. 7B, the GS } overexpressing plants exhibit about 
a 45% increase in total soluble protein over control, 
the GS : antisense plants (Dl and E3) exhibit a 40% 
decrease in total soluble protein. Furthermore, while the 
G$ t depressed plants (Dl and E3) exhibit a 40% de- 
crease in GS activity, the GS 3 overexpressing plants ex- 
hibit a 25% increase in GS activity (Fig. 7 A). The weak 
antisense plants (C2 and D3) did not show* any signifi- 
cant difference in GS activity and total soluble protein 
compared to the control In these measurements, GS 
activity was calculated based on fresh weight, since the 
sense and antisense plants showed substantial changes 
in total soluble protein. This is despite the fact that, 
in older tissues, the transfcrmants did not show such 
a large difference in GS protein levels compared to the 
control 
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Fiji. 7 A and B, Analysis of leaf OS aciivitv anil una! protein levels 
in the leaves of tense and antisense transforms n in. The fifth leal" 
from similarly aged mature control tobacco plants (CON), trans- 
forinanUi containing both the sense (pGSM 1 1 PA and A J) and trans- 
formants containing the antisense construct (pGS121 DL EX C2 
and 1)3) were assayed as crude extracts for total leaf GS activity 
and total soluble protein. A GS activity based on fresh weight 
(umol GHA/g fwt). B Total soluble protein (mg soluble protcin/g 
fwt) is represented as the percentage difference over control values 
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Modulation of GS protein levels affects 
phosphoenolpyru i v te carboxylase { PEP C ; 
and hydroxy-pyruvate reductase (II PR) levels 
in tobacco haves 

To check specifically if modulation of GS levels affects 
other related plant processes, we analyzed relative levels 
of PEPC and HPR in the most strongly affected anti- 
sense (Dl) and sense (E2) plants. PEPC catalyzes the 
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Hg. 8. Analysis of phosphoenolpyruvatc eai'h<;.\Uase ( l*l -PC \i and 
hydroxypyruvate reductase (HPR) levels in the leaves of the sense 
and antisense transformants. Total soluble leaf protein (200 \xgj 
lane) from mature control tobacco (C), sense transformant E2 (S) 
and antisense transformant Dl (AS) was fractionated by SDS- 
PAGE followed by Western blot analysis using antibodies to PEPC 
and HPR 



anapJerotie fixation of C0 2 to form the precursor for 
the GS/GOGAT cycle and HPR catalyzes the conver- 
sion of hydroxy pyruvate to glycerate in the photorespir- 
utory cycle. Western blot analysis was performed on to- 
tal soluble proteins from the control, a GS 3 antisense 
(1)1) and a GS, overexposing plant (E2) using a PEPC 
antibody and an HPR antibody (Fig. 8). While the GS, 
antisense plants exhibit decreased levels of both proteins, 
the GS, overexpressing plants exhibit only a very minor 
or no increase in the level of these proteins over the 
control. 



Discussion 

'The results presented in this paper demonstrate that the 
full- length alfalfa GS, gene, when transcribed in an anti- 
sense orientation from the 35S promoter, is capable of 
dovvnregulating both GSj and GS 2 in tobacco leaves. 
Besides demonstrating that the antisense RNA approach 
is effective in silencing GS gene expression, our results 
also show that a heterologous antisense GS, transcript 
is effective in inhibiting both GS, and GS 2 gene expres- 
sion. Most of the reports on successful inhibition of tar- 
get gene expression using the antisense RNA approach 
have utilized a homologous gene (van der Krol et al. 
1988a, 1990a; Smith el ah 1990; Quick et al. 1991; 
Stockhaus et al. 1990). There are only a few reports on 
partial inhibition using heterologous antisense RNA 
(van der Krol etal. 1988 b; Visser et al. 1990; Schuch 
et al. 1990). The antisense approach has also been shown 
not to be effective for certain genes (van der Krol et al. 
1990b; Delauney et al 1988). It is well established that 
a higher degree of sequence homology is maintained 
among the same GS isoform from different sources than 
among the different GS isoforms (Pesole etal. 1991; 
Tiugey and Coruzzi 1987). We would thus predict that 
alfalfa GS, antisense RNA is more homologous to to- 
bacco GS] than to the GS : genes. The alfalfa GS, cod- 
ing sequence shares 81% homology at the nucleotide 
level to the GS, coding sequence of Nivoikma phtmhagin- 
ifoh'a (Tin gey and Coruzzi 1987). Five different regions 
that are highly conserved among the different GS 
isoforms were identified, based on multiple alignment 
(Pesole et al. 1991). It is interesting to note that while 
the alfalfa GS, gene did not hybridize to immobilized 
GS 2 mRNA of either tobacco or alfalfa, as determined 
by Northern analysis or analysis of hybrid selected trans- 
lation products, the antisense alfalfa GS, transcript was 
capable of downregulating GS 2 in tobacco. While the 
mechanism of inhibition of gene expression by antisense 
RNA is not known, one of the proposed models assumes 
the mediation of hybrid formation between the mRNA 
and antisense RNA molecules (van der Krol et al. 
1988b). If the mechanism is as proposed, our results 
would suggest that formation of short duplexes along 
the length of the GS transcript with the antisense alfalfa 
GSj RNA is sufficient for effective inhibition of expres- 
sion of the GS genes in tobacco. 



The steady-slate level of antisense alfalfa GS tran 
script in the leaves of transgenic tobacco was substantial" 
ly higher than the endogenous GS mRNA level in the 
leaves of the control tobacco. We also observed that 
the level of antisense GS, transcript was indicative of 
the exten t of inhibition. However, in spite of the accumu- 
lation of high levels of alfalfa GS, antisense transcripts 
and a decrease in the level of GS, and GS, polypeptides, 
no change in the level of endogenous steady-state GS 
mRNA was observed in these plants. This is somewhat 
in contrast to the more thoroughly investigated systems 
involving the chalcone synthase genes of petunia (va* 
der Krol et al. 1988b; 1990a. h) and the polygalacturon- 
ase gene of tomato (Smith etal. 1990). In "these cases 
involving homologous antisense RNA, the antisense 
gene transcript did not accumulate to high levels and 
no correlation between the antisense transcript level and 
the extent of inhibition was observed. Furthermore, in \ 
these and other well investigated systems (Delauney^ 
etal. 1988; Cannon et al. 1990; Oeller et al. 1991), inhi- \ 
bition of expression by antisense RNA has always been 
accompanied by a decrease in the level of the target 
gene message. In some of these systems (van der Krol 
etal. 1988a. b; Mol etal. 1990). it has been proposed 
that the antisense RNA forms a duplex with the corre- 
sponding endogenous sense RN A and die duplex is sus- 
ceptible lo degradation by RNases. resulting in the loss 
of the target mRNA. RNA (antisense or sense) in excess 
of the duplex then accounts for the remaining intact 
antisense or sense RNA, as the case may be. The relative- 
ly high steady-state level of antisense alfalfa GS, RNA, 
together with the absence of any effect on the endoge- 
nous GS transcript in our system, would imply that the 
heteroduplex is stable. The heteroduplex consisting of 
duplexed regions intermingled with single-stranded I 
loops, could very well behave like RNA molecules with 
extensive secondary structure. This heteroduplex would ■ 
differ in its physical properties from a duplex formed 
between homologous strands. It is likely that short dup- 
lexes. Hanked by nonaligned sequences along the length 
of the heteroduplex. stabilize the hybrid, f-guehi (1991) 
has shown thai an RNA double helix is stabilized by 
the presence of terminal unpaired bases. 

A substantial lowering in the level of GS polypeptides 
without an accompanying decrease in the level of endo- 
genous GS transcript in the GS, antisense plants, sug~| 
gests that the inhibition of expression occurs at the trans- 
iational level. It is likely that the stable heteroduplex ; 
formed between tobacco GS transcripts and the antfc ; 
sense alfalfa GS, transcripts is not accessible to the 
translational machinery. The heteroduplex is either not 
able to exit the nucleus or the duplex does not allow 
for ribosonte binding and interaction with (he required 
translation factors. 

Our results suggest thai iht.: alfalfa GS, auusense 
RNA. when produced in a constructive manner di>wurc- 
gulatcs both GS , and GS 2 , in spite of the fact that the 
level of GS, transcripts far exceeds that of GS, (fcd- 
wards etal. 1990). This is contradictory to the general 
belief that antisense inhibition requires a large excess 
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:1 . of antisense RNA (van der Kro! ct a!. 1988 b). However, 

j. the molecular analysis of the mechanism by which the 

•< e ? alfalfa GS l anlisensc RNA inactivates GS y and GS 2 

• t ( ( is com plica ted by the fact that the two genes are ex- 

>f pressed in different cell types (Edwards etal. 1990; 

j. j Brears etal. 1991) and the local concentration of each 

r s transcript type is not known. This implies that steady- 

s, state levels of antisense GS X RNA measured by North- 

S ern blot analysis cannot reflect the ratio of antisense 

a 0 to sense RNA in each cell type. Of course, it remains 

)S unresolved whether the decreased expression of GS 2 in 

n the GSi antisense plants is a direct effect of antisense 

1- inhibition or an indirect effect resulting from the poor 

;5 w overall performance of the plants, 

iC It is not surprising that in the GSj sense tobacco 

ci plants, the alfalfa GS, subunits are not only synthesized 

(j but also assembled into an active enzyme. Eckcs et al. 

n m (19X9) had previously demonstrated the successful ex- 

v pression of this particular alfalfa gene in tobacco at the 

jl enzymatic level. What is, however, interesting is that 

n ^ an increase in GS X protein is also accompanied by an 

it increase in GS 2 protein subunits and active GS 2 enzyme 

)\ (Fig. 2). Since no increase in GS 2 transcript was ob- 

c l served in the G3 X overexpressing transformants, the in- 



crease in GS 2 protein in these transformants can be at- 
tributed either to improved translation efficiency or to 
increased GS enzyme stability. Changes in the level of 
protein synthesis and turnover, in turn, can be attributed 



ii c? to the overall performance of the plants. 

GSj genes are specifically expressed around the vas- 
cular tissue (Edwards etal. 1990; Brears etal. 199.1). 
Based on that, it has been proposed that GS, protein 
2 m functions in the synthesis of glutamine for nitrogen 
f transport (Brears etal 1991). Furthermore, based on 

j the fact that GSj gene expression is enhanced in senesc- 

i ing rice leaves and is accompanied by a marked decrease 

1 1 in ghitamate content, Kamachi etal (1991) have also 
j suggested that GSj functions in the synthesis of gluta- 

mine for transport from senescing leaves to growing lis- 
i ^ sue. How does modulation of GS, levels contribute to 
) j plant performance? Can improved performance by the 
/ GS, overexpressing plants be simply due to increased 



GS activity in the transport cells or docs the GS j protein, 
a now synthesized in the photosynthetic cells, assist in the 
assimilation of photorcspiratory ammonia that diffuses 
out of the chloroplast? Similarly, is the poor perfor- 
mance of the GS, antisense transformants attributable 
to downrcgulation of GSi or GS 2 protein? These ques- 
tions can only be addressed if the expression of these 
genes is modulated individually and in specific cell types. 
Such experiments are in progress. 
a A decrease in the steady-state level of HPR and PEPC 
in the GS t antisense plants and a minor increase in these 
proteins in the GS t overexpressing plants is probably 
^ reflective of the overall status of the plant. However, 
we cannot rule out the possibility that changes in these 
proteins are a direct outcome of GS levels. HPR cata- 
lyzes a step in the photorcspiratory cycle and thus 
# changes in the level of this protein probably are a result 
of changes in GS 2 levels. Similarly, changes in PEPC 



levels accompanying changes in GS levels might indicate 
that synthesis of an empty ("-skeleton is somehow in- 
fluenced by the plant's potential to load these (.'-skele- 
tons with nitrogen. This interesting observation indeed 
merits further investigation, 

Based on the analysis of GS protein levels in leaves 
of GSi overexpressing sense, and GSj antisense, plants 
incubated with the tdxin T/iL, it appears that the assem- 
bly of the GS holoenzyme is under some type of regula- 
tory control (Fig. 6C). The toxin binds irreversibly to 
the GS holoenzyme (Langston-Unkefer et al 1987), thus 
preventing its turnover (Temple et al 1990). In its pres- 
ence, the GS subunits that assemble into a holoenzyme 
are locked in and the subunits are not proteolytically 
degraded (Temple etal 1990). If all the GS subunits 
that are synthesized in a plant are assembled into a ho- 
loenzyme, the GS- overexpressing plants should show 
relatively higher accumulation of GS, polypeptide in the 
presence of TjSfL, when compared to control or antisense 
plants. In our studies, however, irrespective of the plant 
background (transformed with sense or antisense GS 
constructs), the steady-state level of GS subunits in the 
presence of TpL was more or less similar (Fig. 6B). 
Based on these results, we propose that assembly of GS 
subunits into a holoenzyme requires a factor which is 
released when the enzyme is turned over and recycled 
(Fig. 6C). In the presence of TjSL, the holoenzyme, along 
with the factor, is locked into the assembled form and 
the factor is no longer available for assembling more 
GS subunits. Blocking the GS holoenzyme turnover ;n 
the GS overexpressing plants will very rapidly inhibit 
the assembly process. Thus, over an extended period 
of time, blockage in turnover will result in the same 
amount of GS subunits being locked into a holoenzyme, 
irrespective of the concentration of available GS sub- 
units (sense versus antisense plants). In this context, it 
is interesting to note that Hemon et al. (1990) showed 
that tobacco plants transformed with the Phaseolus vul- 
garis yGS coding sequence driven by the 35S promoter 
contained high levels of yGS ; and the corresponding 
enzymatic activity in young plants, but very insignificant 
levels of yGS in mature plants. The yGS t ranscript level 
was, however, comparable in both young and mature 
plants. Our results also point to a similar phenomenon. 
While the younger transformants (sense and antisense) 
showed a dramatic difference in the level of GS protein 
when compared to the control (Figs. 2 and 3). the older 
plants did not show such substantial differences 
(Fig. 6 B). Our interpretation of our data and those of 
Hemon et al. (1990) is that the post-translational assem- 
bly of GS polypeptides is probably under some form 
of developmental control It is crucial that we under- 
stand this regulatory step if we wish to successfully mod- 
ulate GS levels in plants, 
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Abstract. Tobacco plants were genetically transformed to 
generate antisense RNA from a gene construct com- 
prised of a full-length cucumber NADH-dcpcndent hy- 
droxypyruvate reductase (II PR) cDNA placed in reverse 
orientation between the cauliflower mosaic virus 35S 
promoter and a nopaline synthase termination/ 
polyadenylation signal sequence. In vivo accumulation of 
antisense HPR RNA within eight independent trans- 
genic tobacco plants resulted in reductions of up to 50% 
in both native HPR activity and protein accumulation 
relative to untransformed tobacco plants (mean 
transgenote HPR activity- 67% wild type, mean 
transgenote HPR protein = 63% wild type). However, in 
contrast to previous reports describing antisense RNA 
effects in plants, production of the heterologous HPR 
antisense RNA did not systematically reduce levels of 
native tobacco HPR mRNA (mean transgenote HPR 
mRNA level = 135% wild type). Simple regression com- 
parison of the steady-state levels of tobacco HPR mRNA 
to those of HPR antisense RNA showed a weak positive 
correlation (r value of (3.548, n = 9; n is wild type control 
plus eight independent transformants; significant at 85% 
confidence level), supporting the conclusion that native 
mRNA levels were not reduced within antisense plants. 
Although all transgenic antisense plants examined dis- 
played an apparent reduction in both tobacco HPR 
protein and enzyme activity, there is no clear correlation 
between HPR activity and the amount of either sense 
(r- 0.267, n = 9) or antisense RNA (r -0.175, n«9). This 
compares to a weak positive correlation between HPR 
mRNA levels and the amount of HPR activity observed 
in wild-type SRI tobacco plants (r- 0.603, n = 5). The 
results suggest that in vivo production of this het- 
erologous HPR antisense RNA is inhibitory at the level 
of H PR-specific translation and produces its effect in a 
manner not dependent upon, nor resulting in, a reduction 
in steady-state native HPR mRNA levels. In this context. 
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the observed antisense effect appears to differ mechanisti- 
cally from most antisense systems described to date. 

Key words: NADH-hydroxypyruvate reductase {HPR) 
Heterologous antisense RNA Antisense RNA inhibi- 
tion ~ Transgenic tobacco 



Introduction 

Photorespiration is a pathway in C3 put nts that counter 
productively generates CO, in the light as a consequence 
of an oxygenase activity associated with the carbon fixa- 
tion enzyme, ribulose bisphosphate carboxylase. Al- 
though this activity results in a decline in plant produc- 
tivity, and so is anthropocentrically non-beneficial, it is 
thought to be advantageous to the plant because of its 
role in limiting the amount of toxic oxygen species 
present within photosynthesizing plant cells (Ogren, 
1984). Under drought conditions, where stomaia are 
closed during daylight hours, atmospheric C0 2 cannot 
enter the leaves. Photorespiration provides a sink for the 
electron transport pathway through both ribulose 
bisphosphate oxygenase activity and refixation of CO, 
(Ogren 1984). This, in turn, limits the production of toxic 
oxygen species and thus suggests a role for photorespira- 
tion in stress protection. Our interests center on deter- 
mination of which enzymes in this pathway control I he 
flux of carbon through it and are major contributors to 
its proposed stress protection properties. One of the 
strategies available to us is the use of antisense technol- 
ogy to create mutants deficient in specific enzyme activi- 
ties to determine their overall importance in these 
processes. This strategy, for pragmatic reasons, would 
become more powerful if heterologous antisense con- 
structs could be used effectively to inhibit target enzymes. 
Several reports have suggested that heterologous anti- 
sense RNAs can be effective in inhibiting the expression 
of target genes in plants (Visser !9K9: Visser et al. 1 99 1 ; 
Temple et al. 1992), m one ease apparently a» ciVuctiveK 
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as homologous antiscnsc RNA (van dor Krol et al. 
1988a). 

in order to test the use of heterologous antisense 
RNAs and evaluate their effectiveness in our system, we 
elected to introduce into tobacco chimeric genes that 
would generate antisense RNA molecules from a cucum- 
ber peroxisomal N ADH-dependent hydroxypyruvate re- 
ductase (HPR, EC 1.1.1.29} cDNA. This enzyme is an 
integral part of the glycolate pathway involved in 
pholorespiration in plants (Tolbert 1981), catalyzing the 
reduction of hydroxypyruvate to glycerate with the sim- 
ultaneous oxidation of the cofactor NADU (Zelitch 
1953; Stafford el al. 1954). 

We chose HPR as the target enzyme for several rea- 
sons. The full-length cDNA for the cucumber HPR was 
available (as a kind gift from W. Becker, University of 
Wisconsin) and its sequence and properties are well 
characterized (G reenter et al. 1989). In addition, in order 
to have an effective evaluation of the heterologous anti- 
sense behavior it was critical that inhibition of the target 
enzyme should not have a lethal effect. HPR appeared to 
fit this criterion in that barley mutants having only 5% 
of wild-type HPR activity in leaf tissues are fully viable 
(Murray et al. 1989). These plants are deficient in a 
NADH-preferring HPR (Kleczkowski et al. 1990) but 
are still capable of pholorespiration and allow for levels 
of carbon fixation that are 75% of those seen in wild-type 
barley under identical conditions. The same is also true 
(75% of wild- type levels) for plants tested under 
photorespiratory conditions in an atmosphere contain- 
ing 50% oxygen. The capability of the barley mutant to 
contend with stresses other than 50% oxygen (e.g. 
drought or water stress) was not evaluated. 

This report documents our successful use of the cu- 
cumber HPR antisense RNA to inhibit expression of the 
native tobacco gene and our examination of potential 
mechanisms by which inhibition occurs. Our findings 
demonstrate a reduction of HPR production associated 
with in vivo production of HPR antisense RNA (mean 
transgenote protein level and activity are 63% and 67% 
wild type). However, contrary to most reports of anti- 
sense effect, accumulation of steady-state tobacco HPR 
mRNA in leaf tissues, relative to wild type SR I tobacco 
controls, is not systematically inhibited, and is instead 
often enhanced in the presence of the cucumber HPR 
antisense RNA. Possible molecular mechanisms contri- 
buting to the observed heterologous antisense RNA ef- 
fect are presented and discussed. 



Materials and methods 

Construction of the cucumber HPR antisense gene. The 
full-length cucumber HPR cDNA sequence contained in 
the plasmid pBSH18 (Greenler et al 1989) was excised 
with EcoRl and purified by electrocution from a 0.7% 
agarose gel This fragment was inserted into the plant 
expression vector pMON316 (described by Rogers et al. 
1987) at the EcoRl site situated between the cauliflower 
mosaic virus (CaMV) 35S promoter and the nopaline 
synthase (NQS) 3' untranslated region. A plasmid con- 



taining the £a>Ri fragment in reverse orientation, res- 
tive to the 35S promoter, was identified by restriction 
enzyme digestion and was designated pMONHPR ( sec 
Fig. 1). 

: 1 

Conjugation into Agrobacterium tumefaciens and trans- > 
formation of tobacco. The pMONHPR™ constructs were 
conjugated into A. tumefaciens by the triple mating 
procedure described by Fralcy et al. (1983). In these 
conjugations the A. tumefaciens strain GV3II1SE was 
used as a recipient. This strain contains a disarmed Ti- 
plasmid. pTiB6S3-SE, in which the T-DNA phytohor- 
mone biosynthetic genes, the T,_ DNA right border and 
all of T R DNA have been deleted and replaced with a 
bacterial kanamycin resistance marker ( Frale\ ci al. 
1985). Transformation of sterile leaf segments of Mco* 



tiana tabacum 



SRI 



regenern lion of t ra nsformed 



plants (R 0 plants) was achieved using the procedure de- 
scribed by Horsch et al. (1985). Putative transformants^; 
plantlets surviving on kanamycin sulfate (Km) at 100 \ig 
ml, were further screened for the production of nopaline 
as described by Otten and Schifperoort (1978). Afteyf 
curing of A. tumefaciens, plants were grown in the lab- 
oratory at room temperature in 4 in pots containing a 
peat/soil/vermiculite mix under a 16 li day/8 h night light; 
regime emitting approximately 50 uK/m 2 /s l . R 0 plants 
expressing high levels of the cucumber HPR antisense 
RNA were identified by isolation and analysis of leaf 
tissue RNA (as described below). Fight independently 
transformed HPR antisense plants were sc I fee and the 
resulting seed collected and germinated on MS medium 
containing 200 (ig/ml Km. Five Km-resistant plants (R, 
plants) from each of the eight original transformants j 
(n — 8) were grown for further analysis as described 
below. • -I 




Determination of HPR activity and protein levels in /n..-. 
genie leaf tissue. The R, plants analyzed were simuf 
taneously germinated and maintained within the same 
chamber in order to minimize developmental, physiology 
ical and environmental differences between plants. How- 
ever, in a further attempt to average any remaining intra- 
and inter-plant variation in HPR expression, leaf tissue 
was randomly sampled from populations of live 
plants derived from each of the eight original transfor- 
mants. Therefore, the single assay results reported for 
each of the eight independent transformants represent 
the average value from several leaves harvested from five 
separate Rj plants. The pooled samples were ground to 
a fine powder in liquid nitrogen, the powder transferred;;! 
to pre-cooled microcentrifuge tubes, and the extraction 
medium (50 mM TRIS-HC1 pH 6.8), 1 mM PMSF| 
1 mM EOT A, 10 uM leupeptin, 5.6 xiM N-[N-(L-3-tran$: 
carboxyoxiran-2-carbonyl)-)--Ieucyl]-agmatine) added | 
(50 u.1/50 nig tissue). The resulting slurry was vigorously 
mixed for 3 min at room temperature before centrifuges 
at I4 0()0rpm in an Eppendorf microcentrifuge 
5 min. The supernatant was collected, given a .second 
brief centrifugation at 14 000 rpm, and divided into ah- 
quots. One aliquot was used immediately to detenftip§ 
HPR activity and protein concentration, whereas th| 



remainder were stored at - 90° C for later use in Western 
blot analyses. 

The HPR activity was determined by the method of 
Titus et al. (1983) with a Gilford* Response spectro- 
photometer (Gilford Instrument Labs, Oberlin, Ohio). 
Protein concentration was measured using the procedure 
of Bradford (1976) with bovine gamma-globulin as the 
protein standard. 

The relative amount of HPR in the extracts of the 
different transformants was measured on Western blots 
by the following procedure. The samples from the 
previously frozen aliquots were separated using SDS- 
PAGE (Laemrnli 1970), and transferred to a nitrocel- 
lulose filter. Anti-scrum to HPR (provided by Dr. Wayne 
Becker, University of Wisconsin) was used as the primary 
antibody, and anti-rabbit IgG antibodies conjugated to 
alkaline phosphatase as the secondary antibody. Im- 
munochemical staining was achieved by the method of 
Billingsley et al. (1987). A standard curve was determined 
for each blot by the use of different amounts of protein 
from the SR I extract and the amount of HPR protein in 
each transformant was calculated relative to un trans- 
formed SRI. 

Isolation and analysis of RNA from transgenic leaf tissue. 
RNA from leaf tissue, randomly sampled from five Rj 
plants as described above, was isolated through a scries 
of phenol extractions (Lane and Tumaitis-Kenncdy 
1981). Total and poly(A) ' RNA, selected by oligo-dT 
cellulose chromatography, was resolved by electro- 
phoresis through a 1.2% agarose gel containing formal- 
dehyde as described in Ausubel et al. (1989). The RNA 
was transferred onto Duralon-UV nylon membranes us- 
ing the Posiblot Pressure Blotter system (Stratagenc, La 
Jolla, Calif.) as detailed by the manufacturer. RNA was 
crosslinked to the nylon membranes by exposure to 
120 OOOuJcnv 3 of UV radiation in a model 1800 Stra- 
talmker (Stratagenc. La Jolla, Calif). 



Probes and hybridization conditions 

Cucumber HPR antisense RNA. The probe for cucumber 
antisen.se RNA was the full-length cDNA fragment iso- 
lated by EcoRl digestion of the plasmid pBSH18 (G reen- 
ter et al. 1989). The cDNA was radiolabeled with 
a[* 2 PJdCTP by nick- translation using a kit and protocol 
supplied by Bcthcsda Research Laboratories (Gaithers- 
berg. Md, Hybridization was achieved in a solution con- 
taining 25 niM potassium phosphate (pH 7.4), 5 * SSC, 
5 * Denhardfs solution. 50% formamidc and 50 jig/ml of 
sonicated salmon sperm DNA at 42° C 

Tobacco HPR mRNA. The probe for the native tobacco 
HPR mRNA was a 3' non-translated fragment isolated 
from a partial tobacco HPR cDNA by EcoRl digestion. 

* Mention of trademark or proprietary product docs not constitute 
a guarantee or warranty of the product by the US Department of 
Agriculture and does not imply its approval to the exclusion of 
other products that may a] so be suitable 



The partial cDNA used was isolated from a tobacco leaf 
cDNA library purchased from Stratagenc (La Jolla, Cal- 
if.) utilizing the cucumber HPR cDNA as a probe. The 
conditions for use of this probe to identify the tobacco 
counterpart were at a stringency that allowed hybridiza- 
tion to the tobacco HPR mRNA on Northern blots 
(room temperature annealing and washed in 0.5 x SSC at 
42" C). The tobacco HPR cI>NA is 750 bp in length 
displaying 79% nucleic acid sequence similarity with the 
cucumber HPR coding region (86,3% at the amino acid 
level). The tobacco HPR cDNA non-translated 3' 
sequence has no significant similarity to the cucumber 
cDNA. The probe, isolated by EcoRl digestion, is 305 bp 
in length and contains the complete 3' end of the cDNA 
and 76 bp of the tobacco coding sequence (the small 
portion of coding region is also approximately 80% sim- 
ilar to tlie cucumber HPR cDNA but under the con- 
ditions of hybridization used, see conditions for the anti- 
sense RNA described above, this probe is specific for the 
tobacco HPR; see Fig. 4, SRI lane). 

Small submit (SSU) of ribulose bisphosphate car- 
boxylase. The probe for the SSU of ribulose bispho- 
sphate carboxylase was a partial fragment of the cDNA 
clone rbcS-i from Mesembryanthemum crystallimtm (de 
Rocher et ah 1991) received as a kind gift from H. 
Bohnert (University of Arizona). The fragment was is- 
olated by EcoRl digestion and contains coding sequences 
as well as the 3' non-translated sequence. The probe was 
used under the hybridization conditions described above 
for the cucumber HPR cDNA. 

Image analysis for quantification of RNA and protein. In 
order to quantify relative levels of RNA and protein, 
autoradiograms derived from the Northern analyses and 
the Western blots were digitized using a Bio Image Vis- 
age 2000 (Bio Image Products, MilliGen/Biosearch Divi- 
sion of Miliipore, Ann Arbor, Mich.) image analysis 
system. Briefly, the images of Northerns or Westerns 
were scanned, captured and quantified using a com- 
parative log software program (Whole Band Analysis) 
and the results reported as total integrated intensity in 
each band. 

Statistical analysis of data. In order to minimize observer 
bias during comparison of the various measured val ues 
for protein and RNA levels within the eight independent 
transformants examined, simple linear regression (Siegel 
1988) was applied pairwise to selected data sets (e.g. 
enzyme activity, protein levels and both sense and anti- 
sense RNA levels). Using plants showing a range of 
values, such an analysis can suggest the existence of 
positive or negative relationships between the steady- 
state levels of the gene products measured. 



Results 

A full-length cDNA clone, containing the entire coding 
sequence for a cucumber hydroxypyruvate reductase, a 
40 base 5' non-coding leader sequence and a 210 base 3' 




Fig. L Plasmid map for pMONHPR \ The cucumber NADU- 
dependent hydroxypyruvate reductase (HPR) cDNA (tanked by 
EcoKl linkers) was inserted into the plant expression vector 
pMON3J6 (Rogers et a!. 1987) at the unique EcoRl site within a 
multiple cloning site between the CaMV 35S promoter and the 
nopaline synthase polyadeny la don signal (] r G»MV'35S ~* MCS ~~> 
PA'NOS). Other pertinent features of the plasmid include: P'NOS 
NPT2 ~> PA'NOS (a plant functional kanamycin resistance 
marker consisting of the nopaline synthase promoter, neomycin 
phosphotransferase II gene of TnJ and the nopaline synthase sig- 
nal); Si/Sp [In 7] (a streptoraycin/spcclinomycin resistance marker 
from Tn7) and OclTJH (the *ieft internal homology" from the 
oetopinc TL region) 

non-coding sequence, was cloned into the EcoK\ site of 
the intermediate vector pMON316, placing the 3' non- 
coding sequence proximal to the 35S promoter element 
(Fig. I). This construct was used to insert the antisense 
35S-HPR chimeric gene, via an Agrobacterwn-b&scd leaf 



disc system, into the genome of tobacco (SR i ). Indent 
dently transformed plants were selected by their ahtlit" 
to survive in media containing kanamycin and screened 
for nopaline synthesis. Transgenic plants meeting thesi 
criteria were further tested for expression of the in- 
trodiiced HPR antisense gene by Northern analysis using 
the cucumber HPR cDN A as a probe (under hybridiza- 1 ' 
lion conditions that did not detect the native tobacco 
HPR RNA, data not shown). Eight independent plant 
transformants (R 0 plants), each containing easily detect- 
able levels of HPR antisense R N A, were self-crossed and 
seedling progeny (R x plants) selected on media contain- 
ing 2C)0ug/ml Km and propagated for further analysis 
Transgenic plants normally display a range of transgenc 
expression levels, usually attributed to the so-called posi- 
tion effect (Peach and Velten 1991) and. less often, m 
differences in transgene copy number. Consistent with 
the findings of others, the anli-HPR translbrmaat^ 
chosen for analysis show a range of antisense RNA levels 
(ea 16-fold difference between the highest and lowest 
measured values). Such a range in antisense RNA levels 
is desired in that it allows examination of the relation- 
ship(s), if any, between measured antisense RNA con- 
centrations and target gene expression, both at mRNA 
and protein levels. 

In order to average inter-plant HPR expression vari- 
ability between R ! phwls derived from the same Rf 
transformant, analysis was performed on samples con- 
sisting of several leaves from five separate R, plants. 
Independent determinations of HPR protein levels and 
enzymatic activity (from three pooled samples), as well 
as native HPR mRNA levels (from five samplings, data 
not shown) indicated a standard error in sampling rang- 
ing from 5% to 25% for protein measurements and ap- 



Tabic I. Quantification of NADH-dependent hydroxypyruvate reductase (HPR) expression 



Plant identity 


rOD (> Tob* 


fOD Cue" 


IOD SSU 


Corrected f 


Corrected 


HPR 


HPR 


HPR 


antisense 


Rubisco* 


IOD Tob 


IOD Cue 


protein 


activity* 1 




mRNA 


HPR 


mRNA 


HPR 


HPR 


level* 








mRNA 




mRNA 


mRNA 






SRI control 


2.6 (0.3/ 


0.0 


20. 9 


12.2 (1.9)' 


0.0 


100 


130! ([32} 


R6-2 


1.4 


5.4 


7.1 


19.1 


76.5 


?y 


1247 {210} 


R6-3 


2.7 


2,7 


24.3 


10.9 


11.1 


69 


979 ( i6(i) 


R6-5 


1.8 


1.0 


12,9 


13.6 


7.9 


36 


756 (33) 


R6-6 


3.5 


3.4 


16.0 


22.1 


21.4 


5* 


736 (I37j 


R6-7 


1.3 


10.9 


13.8 


9.5 


7S.6 


96 


1136 (186) 


R6-8 


3.3 


17.0 


32.7 


10.1 


52,1 


45 


731 (11 1) 


R6-10 


4.6 


21.0 


16.5 


27,7 


127.4 


54 


653 (94) 


R6-14 


3.3 


12.2 


38.4 


8.5 


31.9 


60 


745 (210) 



3 Each R6 identifier refers to the R 3 (selfed) progeny of an indepen- 
dently transformed tobacco plant 

b IOD denotes the integrated optica! density of the total hybridiza- 
tion signal contained in the single band on the auto radiogram of the 
Northern blot 
c Tob, tobacco 
d Cue, cucumber 

C: SSU, small subunii of nhulose hisphosphaiecarboxyla.se (Rubisco? 

• Corrected indicates the initial value divided by the SSU value and 
multiplied by 100 

* HPR protein levels are relative to tho.se determined for umrans- 
formed SRI tobacco plants 



b One unit equals 10 ninol NAPH per min per rog total soiu' 
protein 

' The value given is derived from a single analysis (five pooled plan 
samples) of SR 1 HPR mRNA from the same blot used to determine 
the mRNA levels within the antisense tranformants. The value in 
brackets represents the standard error predicted from a separate 
determination of HPR mRNA within five individual SRI plants ^ 
'The value given for 1 1 PR enzyme activity is the mean of three 
independent assays fusing separate pools o!" tissue from five P !a ^; 
The number in brackets represents the standard er-o: o! ihe t^a 
determinations 
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proximately 10% for RNA quantification (see Fig. I and 
Table 1). 



Enzyme and protein level analysis in antisense plants 

Leaf samples, randomly collected as described above, 
were analyzed for HPR enzyme activity; total protein 
and tobacco HPR protein (via cross-reaction with a 
cucumber HPR antibody). The results, presented in 
Fig. 2. indicate a consistent reduction in the level of the 
native tobacco HPR within trangenotes expressing the 
cucumber HPR antisense con struct. 

Figure 2a exhibits a Western blot of leaf protein ex- 
tracts separated by SDS-polyacrylamidc gel electro- 
phoresis and i nun uno reacted with a polyclonal antibody 
synthesized against the pure cucumber HPR enzyme. 
The antibody cross-reacts with the tobacco HPR enzyme 
and thus serves as a convenient tool for an estimation of 
native HPR protein levels. The Western analysis visually 
demonstrates that expression of the cucumber HPR anti- 
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Hg. 2a, b. Tobacco HPR protein and activity analyses, a Western 
blot of partially purified leaf protein extracts, Microgram quantities 
refer to the amount of total leaf protein elect rophoresed in in- 
dividual lanes, b Comparison of enzyme activity and relative protein 
in leaf extracts. Units of enzyme are defined as the quantity of 
enzyme that oxidizes lOnmol of NADU per min per my total 
soluble protein in the extract, HPR protein levels are estimated 
from a standard curve of integrated optical densities of SRI HPR 
ieal protein extracts. The error bars shown for enzyme activity are 
for three separate experiments. The error bars on the protein deter- 
minations (the mean of two determinations) represent the variance 
between the two separate HPR protein measurements. 



sense RNA inhibits accumulation of the native tobacco 
HPR protein. To assess more accurately the effect of the 
cucumber HPR antisense RNA, the immunoreactive 
hands were quantified by image analysis (as described in 
Materials and methods) and the native HPR protein 
levels calculated relative to a standard curve obtained 
from a graduated series of SRI extracts of known total 
soluble protein concentrations (lanes 1 5). Samples used 
to construct standard curves were actually electro* 
phoresed on both sides of the transgenote protein sam- 
ples on the Western blots (not shown) to compensate for 
possible blotting variations. The resulting quantification 
of native HPR protein in the transgenic plants (reported 
in Table I j is expressed relative to the amount of the same 
protein in untransformed SR; and not as absolute HPR 
protein levels, The average of two such determinations 
from two separate Western analyses were used to 
generate the values, presented as a percentage of the 
native HPR level in SRI untransformed tobacco, given 
in Fig. 2b and Table 1. 

As was anticipated, the reduction in level of tobacco 
HPR protein accumulation is also manifested as a drop 
in the levels of leaf HPR enzyme activity compared to the 
level seen in SRI. Most of the transgenic plants (R6-5, 
R6-6, R6-8, R6-10, R6-14) exhibit HPR activities re- 
duced to at least 3 times standard error below the wild 
type SRI level, with a maximal inhibition to approxim- 
ately 50% wild type (R6-10). For the same plants, levels 
of the tobacco HPR protein range from 45-60% (with the 
exception of R6-5 which exhibits approximately 35% of 
the SRI level). Transgenics R6-2, R6-3 and R6-7 show 
a less significant (10-20%, within one standard error) 
reduction in HPR activity, however, none of the anti- 
sense transformants tested exceeded either the wild-type 
protein amount or activity level. As expected, statistical 
analysis of the data (n ~ 9. eight transformants and 
wild-type SRI) demonstrates a positive correlation (sim- 
ple linear regression r value of 0,880; Siegel 1988) be- 
tween the measured level of enzyme activity and the 
amount of HPR protein in the leaf tissue extracts. 



J at a! and poly (A ) ^ RNA analysts 

In order to determine if the decrease in both enzyme 
activity and tobacco HPR protein in the transgenic 
plants results from a reduction in the accumulation of 
tobacco HPR, mRNA Northern analysis of leaf RNA 
was undertaken. Total RNA extracts from leaf samples, 
again consisting of several leaves from five separate Rj 
transgenotcs, were analyzed by Northern blot and suc- 
cessive hybridizations with probes specific to either cu- 
cumber HPR mRNA (from the cucumber HPR cDNA), 
or the tobacco HPR mRNA (consisting of the 3' non- 
translated region of a tobacco HPR cDNA clone), as well 
as a probe for the SSI J of ribulose bisphosphate car- 
boxylase (from M. crystuUinum). As an example of the 
analysis the results from one of the blots using leaf RNA 
from primary transformants (R 0 plants) are shown in 
Fig. 3. The results demonstrate that within each sample 
both the cucumber HPR antisense RNA and the tobacco 
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tob+HPR # 



Fig, 3, Total and poly(A)+ RNA comparisons. T,Wal UNA; A\ 
poly(A)* RNA (oligo-dT cellulose selected). RNA samples are 
from the original R 0 (possibly chimeric) transform&hts and were not 
used for expression level comparison 
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Hg. 4. Comparative northern hybridizations. Total RNA analysis. 
All hybridizations were performed on the same Northern blot. Bach 
lane contains 20 ug of total leaf RNA isolated from R x plants. 
Individual probes are: cue ~ (minus) HPR, cucumber HPR cD'NA 
probe for the cucumber HPR antisense RNA (Northern wash: 
0.1 *SSC, 0.1% SOS at 50° C); tob + (plus) RNA, V non-trans- 
lated region of a tobacco HPR cDNA for the tobacco HPR mRNA 
(Northern wash: 0, 1 x SSC, 0. 1 % SOS at 56° C); SSU, fragment of 
a cDNA clone for the small subimit of ribulose bisphosphate car- 
boxylase mRNA (Northern wash: 0.1 * SSC. 0.1 % SDS at 50 c C) 



HPR mRN A are detectable, even without enrichment by 
poly(A) selection. The cucumber HPR antisense RNA is 
enriched by passage over oligo-dT cellulose, suggesting 
correct processing and polyadenylation of the antisense 
RNA (see Fig. 3). The size of both the HPR antisense 
RNA (ca 1800 bases) and the tobacco HPR mRNA (ca 
1640 bases) were estimated using floresocntly stained 
RN A molecular weight markers and are consistent with 
predicted sixes. 

To facilitate analysis of the molecular eJTeet(s) of ex- 
pression of the cucumber HPR antisense RNA, total 
unselected RNA samples extracted from populations of 
the generation from each independent transformant 
(selected as described in the Materials and methods) were 
subjected to Northern analysis (see Fig. 4). From these 
data it appears that accumulation of the cucumber HPR 
antisense RNA does not consistently inhibit the steady- 
state levels of the native tobacco HPR mRNA. In order 



to define further the relationship between the ant'- 
and native HPR mRNA populations, auioradiomnV 
from the hybridizations were subjected to digital Tnia 
analysis (as described in Materials and methods) 
allow eventual comparison between separate exiw° 
ments (e.g. between the RNA and protein quantified 
tions), the same blot was also hybridized to a nroh" 
directed against the SSU of ribulose bisphosphate car- 
boxylase and the resulting value used to normalize for 
sample preparation, loading variability, transfer effee- :: 
tiveness and hybridization efficiency between lanes. The 
SSU probe was chosen because accumulation of SSU 
mRNA is light-regulated in a manner similar to the HPR 
mRNA (Greenler ei al. 1989). thus minor differences 
resulting from variation in the physiological and environ- 
mental state of the plants are minimized. In addition 
measured SSU levels closely followed the values obtained 
through quantification of cthidium bromide UV fluores- 
cence from ribosomal RNA bands in the Northern gel 
(obtained by image analysis of photographic reproduc- 
tions, data not shown). The results of the RNA quantifi- 
cation are summarized in Table 1 , 

Despite minor differences in probe specific activities 
and auto radiogram exposure times (designed to give 
maximum signal without burnout of photographic emul- 
sion), the hybridization results from the individual 
probes used in this analysis qualitatively reflect the ex- 
pected relative abundances of each RNA within the leaf 
tissue, with SSU > cucumber HPR antisense RNA > 
tobacco HPR mRNA. The minor differences in probe 
specific activity and exposure times do not affect com-;; 
parisons within samples as all hybridizations and com- 
parison were carried out using the same Northern blot 
and thus the relationship between signals from each lane 
should accurately reflect the ratio of in vivo RNA levels. 
Plant-to-plant variation in RNA. levels is also minimized 
by the use of a random sampling procedure in which 
tissue from a population of five separate transgenic 
progeny plants was pooled. 

Contrary to expectation ~ an antisense-lnduced reduc- 
tion in native tobacco HPR (sense) mRNA the mea- 
sured levels of tobacco mRNA within the antisense ex- 
pressing transgenotes were often found to exceed the 
steady-state I [PR mRNA levels within wild-type plants 
(see Table 1, Corrected Tob HPR mRNA). These data 
clearly do not indicate any net reduction in native HPR 
mRNA levels resulting from the presence of antisense 
RNA. In fact, comparison of the two RNAs (tobacco 
4- RNA vs cucumber - RNA) by simple linear regres- 
sion suggests a possible positive correlation between the 
levels of cucumber HPR antisense RNA and tobMffl 
HPR mRNA (n - S\ simple linear regression r « MI 
significant at approximately 85% confidence level; Siege! 
1988). 

Comparison of H PR prolan, RNA and curuniha HPR 
antisense RNA 

In order to gain better insight into the means by which,, 
a heterologous antisense RNA may inhibit native gef 
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1%. 5, Overall comparison of tobacco HPR activity, protein and 
raRNA levels with the level of cucumber HPR antisense RNA 
within individual transgenic lines 



expression, it is pertinent to compare the results from the 
protein and enzyme analyses with those for the two 
different HPR RNA species (cucumber HPR antisense 
and tobacco sense HPR mRNA). In order to compare 
such diverse data sets, it was necessary to present the 
various component levels as the ratio of each measured 
value to the mean for that data group (we multiplied by 
100 for convenience in plotting the data). The results of 
this overview are exhibited in Fig. 5. 

In all cases where there is accumulation of cucumber 
HPR antisense RNA there is also an apparent decrease 
in both tobacco HPR activity and protein level. How- 
ever, the exact relationships between the four measured 
parameters vary from one set of Rj progeny to another. 
There is no obvious correlation between HPR levels and 
the amount of antisense RNA. This is most clearly seen 
when one compares R6-5 and R6-10. In R6-10 the rela- 
tive level of the cucumber HPR antisense RNA is at the 
highest level seen in all the R : progeny sets whilst the 
decrease in HPR activity and protein levels are similar to 
that seen for R6-5 where the level of antisense is the 
lowest of all the samples. Simple linear regression analy- 



sis gives values of r = 0.175 and 0.183 for an antisense- 
to-HPR activity and an anti$en.se-to»HPR protein com- 
parison, respectively. Interestingly, there is also little 
obvious relationship between the accumulation of tobac- 
co HPR mRNA and either HPR activity or proicin level 
in the transgenic plants. Simple linear regression analysis 
gives values (of r = 0.267 and r — 0.212 for a tobacco 
HPR mRNA-to-HPR activity and a tobacco HPR 
raRNA-to-HPR protein comparison, respectively. Com- 
parisons of HPR activity to tobacco HPR mRNA levels, 
without the conflicting presence of the cucumber HPR 
antisense RNA, were monitored in a separate experiment 
utilizing five separate SRI samples (data not presented). 
In these plants the comparison of HPR activity levels and 
HPR mRNA levels by linear regression analysis gives an 
r value of 0.601 (n = 5). 



Discussion 

The results we have presented demonstrate the successful 
use of a heterologous antisense HPR RNA to modulate 
the activity of the corresponding enzyme in a plant. 
Expression of the cucumber HPR antisense RNA in- 
hibited both the enzyme activity and protein levels of the 
tobacco NADH-hydroxypyruvate reductase, although 
the reduction in this enzyme never exceeded 50%. Weth- 
er the relatively mild reduction in HPR activity observed 
results from the use a heterologous antisense RNA and 
could be enhanced with a fully homologous antisense 
RNA remains to be tested. There is some evidence that 
heterologous antisense RNAs are not as effective as ho- 
mologous antisense RNAs. Visscr et al. (19 c )l) reported 
that the use of antisense RNAs for maize granule-bound 
starch synthase (GBSS) in potato resulted in an ap- 
proximately 20- 90% inhibition of potato GBSS activity 
in transgenic tubers. The use of a homologous GBSS 
antisense RNA resulted in an approximately 80-100% 
inhibition in the same system. In both cases the amount 
of GBSS protein closely followed the enzyme activity 
data (the accumulation levels of the potato GBSS 
mRNA were not reported and so a direct comparison 
with our data is not possible). Using a heterologous 
glutamine synthetase (GS) antisense RNA, Temple et al. 
(1992) also failed to attain high levels of inhibition of 
enzyme activity (maxima! 40% reduction}, possibly due 
to a direct selection against extensive inhibition of GS. 
Although the mature HPR antisense tobacco plants 
produced in this study did not display any obvious 
phenotype associated with HPR reduction, it is possible 
that at some stage during the process of regeneration 
from A. tumefaciens transformed tissue, cells heavily 
depleted in HPR activity may have been counter-select- 
ed, producing regenerated transgenotes showing only 
moderate HPR inhibition. There are many additional 
explanations for the failure to obtain complete, or nearly 
complete, elimination of HPR gene expression within the 
antisense plants, including the possibility that tissue- 
specific patterns of expression of the native HPR gene(s) 
and introduced antisense construct ma}' not consistently 
overlap within the transgenic plants. 
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The attainment or a 100% inhibition of enzyme activ- 
ity is not an absolute necessity in our quest to explore the 
importance of photorcspiratory enzymes in plant stress 
protection as partial inhibition is likely to result in a 
measurable impairment in the ability of the plant to 
withstand drought and oxidative stresses. This is also the 
case in many other systems that lend themselves to this 
use of antisense technology, in particular where null 
mutations may lead to a lethal phenotype. Our data 
confirm that the use of heterologous antisense RNAs is 
a viable option when attempting to engineer plant 
photorcspiratory systems metabolically. 

In our system the inhibition of tobacco HPR gene 
expression by heterologous cucumber HPR antisense 
RNA may operate in a very different way from that seen 
for gene expression reduction through homologous anti- 
sense RNAs in plants. In most reported cases in which 
antisense RNAs have been successfully used to inhibit 
expression of specific target genes in plants, accumula- 
tion of the target mRNA (when measured) has been 
significantly reduced. Such reports include both artificial- 
ly introduced target genes: glucuronidase (Robert et al. 
1989; Cannon et al. 1990), chloramphenicol acelyUrans- 
fcrase (Ecker and Davis 1986; Delauney et al. 1988) and 
no pa line synthetase (Rothstein et al. 1987; Sandler et al. 
1988; Goring ct al. 1991); pkosphinotricin acetyltrans- 
ferase (Cornelissen and Vandewielc 1989): and authentic 
resident plant genes: chalcone synthase (van der Krol ct 
al. 1988a; 1990a,b}, granule- bound starch synthase (Vis- 
ser et al 1990, 1991), polygalacturonase (Smith et al 
1988, 1990; Sheehy et ah 1988), ribulose bisphosphate 
carboxylase (Rodcrmel et al. 1988), cDNA pTOMS en- 
coding a 46.7 kDa protein (Bird et al. 1991), a photosys- 
tern II 10 kDa protein (Stockhaus et al. 1990), a ripening- 
and wound-related gene family (Hamilton et al. 1990), 
pectin methyltransfcrase (Tieman et al. 1992) and a 
f)-l,3-g)ucanase (Neuhaus et al. 1992). Reduction in the 
steady-state level of a target RNA upon expression of 
antisense RNA is not restricted to introduced constructs 
and has also been shown to occur within at least one 
cukaryotic system where the homologous antisense RN A 
is a natural part of the gene control strategy (Hildebrandt 
and Nellen 1992). Our use of a heterologous antisense 
RNA clearly exhibits no measurable negative effect upon 
the level of the target mRNA and indeed the data suggest 
that the antisense RNA may actually enhance accumula- 
tion of the target mRNA. Although the weak positive 
correlation between the levels of antisense and target 
mRNA reported here is based upon a relatively small 
data set, it does argue convincingly against any net. 
decrease in the level of target mRNA. Thus, the 
mechanisms(s) by which the cucumber HPR antisense 
RNA inhibits expression of the native HPR protein and 
enzyme activity appears to differ, at least qualitatively, 
from those systems that evoke a reduction in the target 
mRNA. 

We are aware of only two additional reported cases 
where an antisense RNA did not produce a net reduction 
of target mRNA steady state level One study employed 
a Cd 2 f -inducible antisense Wrc gene to inhibit produc- 
tion of its target (homologous) pp60 >src within poly- 



omavirus-transformed rat cells (Amini et al. 1986). hi ^ 
closely related to our results, expression of a he'terok>° 
gous antisense glutamine synthase RNA in tobacco also 
foiled to affect the steady-state levels of the native target 
mRN A (Temple et al. 1992). Based upon our data, and 
those of Temple et al. (1992), it is tempting to speculate 
that a relatively stable target RNA may be more eoramon 
I with heterologous antisense systems, although in at least 
one system the use of heterologous antisense RNA sig- 
nificantly reduced accumulation of the target mRNA 
(van der Krol et al. 1988a). It seems likely that the degree 
of homology, as well as the specific regions of homology: 
between an antisense RN A and its target nucleic acid are 
critical factors affecting how the antisense RNA interacts 
with its target and thus dictate the mechanism(s) by 
which gene expression is affected. The ways in whieff 
heterologous RNAs work may be expected to vary some! 
what between different systems, cell types and possibly 
even between different antisense RNAs directed against 
the same target. 

Our results suggest thai the cucumber antisense RNA 
docs not exert its effect by inhibition of cither the tran- 
scriptional rate or the processing of the tobacco HPR 
gene, as has been proposed for other cukaryotic systems 
(Yokoyama and Imamoto 1987). We propose that, as has 
been suggested for most antisense effects (see reviews by 
van derlfCrol et al. 1988b: Mol et al 1990: Eguchi et al. 
1991), the cucumber HPR antisense RNA and the native 
tobacco HPR mRNA form a duplex molecule that inter- 
feres with translation, thereby decreasing HPR protein 
production and consequently HPR activity in the trans- 
formants. If an antisense-targel RNA duplex is formed 
in our system, the observed molecular weight of the 
native HPR mRNA from transgenic tobacco plants, and 
its enrichment after passage over oligo-dT cellulose, in- 
dicate that neither splicing (if it occurs in the HPR pre- 
messengcr) nor polyadenyhuion arc significantly affect- 
ed. If RNA hcleroduplex formation reduces translation 
efficiency, one expected consequence would be reduced 
association of the target RNA with ribosomes and a net 
destabilization of the target RNA. In our case, the 
heteroduplex may compensate for decreased ribosomal. 
protection by an increase in the stability of the native; 
HPR mRNA within the duplex. In the context of our 
results, it is perhaps pertinent that an RNA double helot 
is thennodynamically stabilized by the presence of tennis 
nal unpaired bases (see Eguchi et al. 1991 for review), 
hence it may be possible that the cucumber HPR anti- 
sense and the tobacco HPR mRNA form more stable 
duplexes, reducing the rate of mRNA breakdown rela- 
tive to homologous duplexes. It should be noted that in 
at leas! three cases where antisense-target RNA duplexes 
(homologous) were delected (Kim and \\o\c. 19s?, 
Knechl and Loomis 1987: Yokoyama and Imamoto 
1987), the presence of reduced steady-state target mRNA 
levels suggests that, at least in the case of homologous 
duplex formation, mRNA stability and/or production 
rate are reduced. . Vj 

It is possible to envision several mechanisms by winch 
antisense-mRNA duplex formation might inhibit sutpg 
quent translation of the target mRNA. If RNA-RN 




interaction occurs within the nucleus or nuclear pore 
complexes, transport of the tobacco II PR m'RNA into 

I the cytoplasm may be inhibited, diminishing the translat- 

1 able pool of this message without necessarily reducing 
the overall concentration of the target mRNA. This 

I model has been suggested for several cases of anti sense 
inhibition of translation (see van der Krol et al 1988b for 

.; review},? specifically for the ease of thymidine kinase 
inhibition by antisense RNA induced by methotrexate in 
a human cell line (Kim and Wold 1985) and for discoidin 
inhibition by antisense RNA in DiayosteUum (Crowley 
el al. 1985). It is also possible that duplex formation 

' occurs in the cytoplasm, directly inhibiting translation. 
In this scenario it is likely that the duplex structure would 
reduce the rate of translation initiation and/or slow the 
rale of elongation (in either case resulting in less protein 

t produced), possibly in a manner qualitatively different 
from that of homologous duplexes. Any model invoking 

f changes in RNA stability, duplex formation and transla- 
tion efficiency, must also consider the potential effects of 

\ enzymes such as RNA helicases and cytoplasmic 
RNAses. Unfortunately, at present very little published 
data specifically address the nature and control of these 
classes of enzymes in plants and their in vivo effects 

\ remain largely uncontrolled. Ail the possibilities suggest- 
ed above offer testable hypotheses for future studies. 
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deleteriously affected by dystrophin deficiency. This correlation 
might explain the muscle group dependence 19 , age depen- 
dence 12,19 , and species dependence 1 of dystrophin deficiency on 
muscle fibre necrosis. 
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In most plants flower pigments derive from the flavonoid bio- 
synthesis pathway. Consistent with this pathway in Petunia kybrida 
the key enzyme in flavonoid synthesis, chalcone synthase, is synthe- 
sized in the flower corolla, tube and anthers'. Here we show that 
constitutive expression of an "anti-sense 1 chalcone synthase gene 
in transgenic petunia and tobacco plants results, with high 
frequency, in an altered flower pigmentation due to a reduction in 
levels of both the messenger RNA for the enzyme and the enzyme 
itself. The pattern of pigmentation varies among flowers of different 
transgenic plants, indicating that the activity of the anti-sense gene 
is influenced by DNA sequences that border its site of insertion 
in both a quantitative and a qualitative way, Backcrossing experi- 
ments show that the different pigmentation phenotypes resulting 
from the expression of anti-sense chalcone synthese gene(s) are 
stably inherited. These data establish that secondary metabolism 
in plants can be manipulated using transgenic plants that constitu- 
tively synthesize anti-sense RNA. 

Recently strategies have been developed to mimic mutations 
by reducing gene expression using RNA that contains the com- 
plementary sequence to a given RNA, and hence is termed 
anti-sense RNA. 2 " 7 This approach has shown that the activity 
of introduced genes encoding nopaline synthase 6 and chloram- 
phenicol acetyltransferase 7 can be effectively inhibited in plant 
and plant-cell model systems respectively. Here we describe the 
use of transgenic plants to study the effects of anti-sense RNA 
on the expression of endogenous genes, in this case those encod- 
ing chalcone synthase (CHS). Inactivation of expression of these 
genes can be scored phenotypically as a change in flower pig- 
mentation, as CHS is the key enzyme in flavonoid biosynthesis. 
This system also enables us to monitor expression of the anti- 
sense gene in plant tissues that do not express the target gene(s). 

In Petunia hybrida CHS is encoded by a multi-gene family 
of which one member (gene A) is predominantly expressed in 
floral tissue 1 . There are nucleotide sequence differences between 
different petunia genotypes even within this particular gene 1-8 



and we chose the entire CHS gene A coding sequence from 
cultivar V30 as the template for construction of an anti-sense 
gene. 

Previous experiments using anti-sense RNA suggest that a 
high ratio of anti-sense to sense mRNA is required for effective 
reduction of the expression of the target gene 2,3,6,7,y and therefore 
we used the strong Cauliflower Mosaic Virus (CaMV) 35S- 
promoter 10 to direct the transcription of the anti-sense CHS 
gene in transgenic plants. Constitutive transcription from this 
promoter could thus create a pool of anti-sense RNA before 
the onset of endogenous CHS gene expression, providing an 




Fig. 1 Construction of the anti-sense CHS gene (VI PI 04). A 
complementary DNA clone ( VIP50 mui) of the petunia cultivar 
V30 CHS gene A with an introduced Ncol site at the initiation 
codon was used as the donor CHS coding sequence, a, VIP50 mut 
was partially digested with Ncol and completely with £roRI; the 
sticky ends were made blunt using the KJenow fragment of DNA 
polymerase I and dNTPs. o, The resulting blum-ended fragment 
was cloned into the HincU site of phage M13 mp7. c, The CHS 
coding sequence could now be isolated as Bam HI fragment, d, 
This fragment was cloned into the Bam HI site separating the 
CaMV 35S promoter and a nopaline synthase 3' flanking region 
that contains a poly(A) addition signal, e, A clone with the CHS 
coding sequence in reverse orientation behind the CaMV 35S- 
prornoter (VIP102) was used to isolate the entire £coRI~ f/indlll 
fragment and this was cloned into the polylinker site of the binary 
vector B1N19 (ref. 15) resulting in VI PI 04. E, fuoRi; B, BnmHI; 
N, Ncol: H, Hmdlll. 
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Fig. 2 Flower pigmentation patterns of transformants of Petunia VR hybrid (a) and Nicoriana tahacum SR, plants (b). The flowers of 
transgenic petunia plants are divided into three classes. Those of tobacco transgenic plants also exhibit three phenotypes: 36 out ol 40 had 
flowers indistinguishable from wild-type tobacco flowers (class 1); 3 plants gave v flowers with sectored pigmentation (class 2); and 1 plant 
gave entirely white flowers (class 3). 

Methods. Plasmid VIP104 was mobilized into Agrobacterium tumefaciens strain 4404 using standard triparental mating techniques 16 . Plants 
were transformed using the leaf disc transformation method 17 and were regenerated on shoot-induction medium containing 250u,gml"' 
kanamycin to select for cells expressing the neomycin phosphotransferase (NPT) gene contained in the T-DNA region of vector BIN 19. 
Transformation of each plant was confirmed by Southern blot analysis of genomic DNA as follows. Total DNA was isolated from each 
transformant 18 , 5 DNA was digested with fftndlll, electrophoretically separated on a 1% agarose gel and transferred to Genescreen Plus 
membrane (NEN Research Prod.). The blot was then probed with 32 P-1abelled NPT DNA or 32 P-labclled CHS cDNA as described 18 . As 
digestion with Hindlll should produce a unique fragment for each NPT copy integrated into the genome, the number of bands that hybridized 
with NPT was used as a measure of the copy number, given between brackets for some transformants. 
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Fig. 3 Western blot (a) and Northern blot (b) analysis of class, 
1 , 2 and 3 petunia transformants. 

Methods* Between five and seven full-length but still closed flower- 
buds were harvested from each transformant. Tube and corolla 
tissue were separated and frozen in liquid nitrogen. Corolla tissue 
from transformant M301 1/104/ 13 was separated into colourless 
(C,) and coloured (C 2 ) parts, a, Western blots were made as 
described 19 . Equal amounts of protein extracted from either tube 
(T) or corolla (C) tissue, were used for each sample. CHS protein 
was immunologically detected using rabbit CHS anti-serum 19 and 
alkaline phosphatase conjugated to goat anti-rabbit IgG 20 , f>, 
Northern blots on Genescreen Plus membrane from equal amounts 
(2 fig) total RNA extracted from tube (T) or corolla (C) tissue 
were made as described (manuscript in preparation). CHS mRNA 
was detected using 32 P-labelted ant't-sense CHS RNA transcribed 
by T7-polymerase from the pTZl8U vector (US Biochem. Corp,) 
containing the Eco RI- Hind II I fragment of VIP50. Hybridization 
and washing of the blot occurred according to suppliers instruc- 
tions, but at 75 °C instead of 60 °C 



instantaneous high ratio of anti-sense to sense CHS mRNA. 
Figure 1 shows the construction of the anti-sense CHS gene 
(VIP104) which we used to transform petunia VR hybrids 11 and 
Sicotiana tabacum SR, plants. 

Normal petunia VR hybrid flowers have uniformly coloured 
corollas, tubes and anthers, but flowers of the petunia transgenic 
plants exhibited three different types of pigmentation patterns 
(Fig. 2a). Class 1 (12 out of 25 transformants) have flowers 
indistinguishable from wild-type VR hybrid flowers. Eight 
independent transformants in class 2 show a reduction of flower 
pigmentation in the corolla, often resulting in alternating 
coloured and colourless (white) sectors, although the tube 
remains coloured in these transformants. A similar pattern of 
expression has been reported in transgenic Petunia hybrida 
flowers that carry the Al maize gene (which encodes another 
enzyme of the flavonoid biosynthesis pathway) also driven by 
the CaMV 35S-promoter 12 . In the five transformants in class 3 
the colouration pattern seems to be fundamentally different from 
that of class 2 in that inhibition of flower pigmentation starts 
in the tube and extends outward into the corolla tissue, leading 
either to white flowers with a coloured ring or to entirely white 
flowers. Pigmentation of the anthers did not seem to be affected 
in any of the transgenic plants. 

TLC analysis of extracts from white flower tissue showed an 
absence of ftavonoids. The block in pigment biosynthesis could 
be bypassed, however, by feeding naringenin-chalcone, the 
product of CHS activity, to white corolla tissue. Thus the enzy- 
mes that operate after CHS in the pathway are present and 
active in these transgenic plants (results not shown). 

Western (protein) and Northern (RNA) blot analyses using 
flowers of different classes showed that CHS protein levels and 
CHS mRNA steady-state levels in the tube and corolla correlate 
well with the observed phenotypes (Fig. 3a and 6). Restriction 
analysis of the genomic DNA of some transformants did not 
reveal any changes in the endogenous CHS gene copies (data 
not shown). The altered pigmentation patterns described above 
were not observed in plants transformed with 'sense' CHS gene- 



■± anti-sense 

^ CHS RNA 



Fig. 4 Northern analysis of anti-sense CHS-A gene expression in 
leaves of class 1, 2 and 3 petunia VI PI 04 transformants. The 
anti-sense CHS gene expresses two RNAs of about 1,300 and 1,100 
base pairs (bp) in both petunia and tobacco transgenic plants. As 
a putative extra poly(A) addition signal (AATAAT) was found in 
the anti-sense orientation of the CHS sequence 220 bp upstream 
of the nopaline synthase poly(A) addition site, we assume the two 
RNAs result from polyadenylation at different sites. 
Methods. Northern analysis was performed as described in the 
legend of Fig. 3. Anti -sense CHS RNA was detected using 32 P- 
labelled sense CHS RNA transcribed by 17 polymerase from the 
pTZ19U vector (US Biochem. Corp.) containing the £c»RI- 
/f/ndlll fragment of VIP50. 



constructs (20 transgenic petunia plants analysed). This makes 
it unlikely that these phenotypes are the result of somaclonal 
variation, homologous recombination or gene conversion events. 
The effectiveness of the anti-sense CHS gene-construct is demon- 
strated by the fact that CHS gene expression can be inhibited 
even in a heterologous plant system, that is, when tobacco plants 
are transformed with the petunia anti-sense CHS gene construct 
(Fig. 2b, analysis not shown). 

A number of petunia transformants were backcrossed to both 
VR parents (V23 and R51). The progeny of the backcrossed 
transformant containing one insert showed 53/43 (anti- 
sense/wild-type) segregation (* 2 = 1.04, p = 0.31). Moreover, 
Southern blot analysis shows the complete co-segregation of the 
anti-sense phentoype (pigmentation in sectors) with the insert 
( 1 0 anti-sense and 10 wild-type plants analysed, data not shown). 
Chromosomal localization studies are in progress and will be 
published elsewhere. 

It is generally believed that, as in prokaryotes, anti-sense gene 
effects in eukaryotes are caused by the formation of duplex 
RNA structures. Preliminary experiments do indicate the pres- 
ence of such RNA duplexes in the flower tissue of some transfor- 
mants. Unlike in prokaryotes, the presence of an anti-sense 5' 
leader sequence is not a prerequisite 1 3 in our system (see Fig. 
1), suggesting that inactivation of gene expression is not at the 
level of initiation of translation. The actual mechanism of inacti- 
vation of gene expression by the anti-sense gene seems to be 
rather complex. First, there is no correlation between the number 
of anti-sense CHS gene copies introduced and the steady-state 
level of anti-sense CHS RNA in leaf tissue (Fig. 4, for example, 
transformant 18 versus 13). This confirms and extends the gen- 
eral observation that bordering sequences influence gene 
expression in a quantitative way — the so-called position effect 14 . 
Second, several independent transgenic plants exhibiting the 
same steady-state level of anti-sense CHS RNA in leaf tissue, 
show a difference in flower pigmentation (Fig. 4, for example 
transformant 7 versus 18). Third, some independent transgenic 
plants with a very low steady-state level of anti-sense CHS RNA 
in leaf tissue, show a pronounced effect on flower pigmentation 
(Fig. 4, transformant 13). 

The different classes of flower pigmentation found are very 
striking. Assuming stable integration of the anti-sense CHS gene 
and a normal transcription of endogenous CHS genes in each 
transformant, the difference between flowers of class 2 and 3 
indicates that the integrated anti-sense CHS gene(s) are 
expressed in fundamentally different ways. This must also be 
due to the position effect and it shows that bordering sequences 
may also influence gene expression in a qualitative way, perhaps 
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affecting the timing or spatial distribution of gene expression. 
Extensive analysis of anti-sense and sense CHS gene expression 
during flower development is in progress to elucidate the actual 
mechanism of the anti-sense gene effect. The results presented 
here demonstrate the potency of anti-sense RNA in manipulat- 
ing secondary metabolite pathways in both a quantitative and 
a qualitative manner. 
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The §tructure of trp pseudorepressor at 
1.65A shows why indole propionate 
acts as a trp inducer' 

Catherine L. Lawson* & Paul B> Siglert 

Department of Biochemistry and Molecular Biology, 
The University of Chicago, Chicago, Illinois 60637, USA 



The trp repressor is a small dimeric regulatory protein which 
controls the expression of three operons in Escherichia co/i 1 "" 3 . The 
inactive aporepressor protein must bind two molecules of L-tryp- 
tophan to form the active repressor 4 , if desamino analogues of 
L-tryptophan such as indole propionate (IPA) are substituted for 
L-tryptophan, an inactive pseudorepressor is formed 1 ' 5,6 . Because 
the desamino analogues thus cause derepression of operons under 
control of the trp repressor, they appear to be 'inducers'. We have 
determined the crystal structure of the pseudorepressor and refined 
it to 1.65 A. The molecular structure was compared to that of the 
nearly isomorphous orthorhombic form of the repressor. Surpris- 
ingly, the indole ring of IPA is in the same position as the indole 
ring of L-tryptophan in the repressor, but is 'flipped over'. As a 
result, the carboxyl group of IPA is oriented toward the DNA- 
binding surface of the protein and is in a position where it stericaJIy 
and electrostatically repels the phosphate backbone of both 
operator and non-operator DNA. This explains why IPA acts as 
an apparent trp inducer. 
The trp pseudorepressor is an inactive complex formed when 
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Fig. I Ligand exchange in orthorhombic trp repressor crystals. 
Orthorhombic crystals of trp repressor were grown and stabilized 
as described 12 , but in the presence of L-[ 3 H]tryptophan (Amer- 
sham). Selected well-formed crystals were transferred into 200 ^1 
droplets of stabilizer containing either 1.75 rnM L-tryptophan, 
1.75 mM IPA or no ligand. The stabilizer was immediately removed 
and replaced twice to wash away excess radioactive ligand. Single 
crystals were removed at the time points indicated for analysis. 
The crystal was placed on a filter set on a sintered glass funnel 
and was quickly washed three times with 100 u,I of stabilizer, with 
complete removal of each stabilizer wash by vacuum filtration. The 
filter was turned upside down into a 100 u.1 stabilizer droplet on a 
siliconized depression slide. The stabilizer was removed with a 
micropipette, and the crystal was dissolved in 100 p.1 of 100 mM 
sodium phosphate, />H 7.0. The protein content 15 and radioactivity 
of the dissolved crystal solution were measured. 

the trp aporepressor binds indole analogues of L-tryptophan 
which, unlike L-tryptophan, confer no affinity for the trp 
operator. These indole analogues compete with L-tryptophan 
for binding in vitro 7 , and produce adducts thai are similar in 
structure 8, but have lost their ability to bind operator. The effect 
of these analogues in vivo is presumably the same as they induce, 
or more precisely derepress, expression of the operons that are 
repressed by the trp repressor. The common features of these 
analogues are (1) an indole ring and a carboxyl group spaced 
with a variable length hydrocarbon chain and (2) lack of an 
a-amino group. Interestingly, several desamino analogues bind 
with higher affinity to the aporepressor than does L-tryptophan 7 . 
These include indole 3-propionate (IPA), which is isostructural 
with L-tryptophan except for the replacement of the a-amino 
group with a hydrogen atom. 

Because desamino analogues of L-tryptophan do not act as 
compressors, it has been postulated that the a-amtno group is 
critical for activation of the aporepressor protein 1,5,6,10 . From 
comparison of repressor and aporepressor structures 11 " 12 , it is 
clear that the binding of L-tryptophan is associated with a 
conformational change in the protein which allows two sym- 
metry-related reading-head domains (D and E helices) to 
penetrate two successive major grooves of DNA. Because nearly 
isomorphous crystals of pseudorepressor (aporepressor plus 
IPA) can be obtained in at least two repressor crystal forms 
(ref. 8, and see below), the overall conformation of the active 
and inactive adducts must be quite similar. Also, nuclear mag- 
netic resonance studies 9 suggest that there are no large con- 
formational differences between repressor with L-tryptophan 
bound and pseudorepressor with IPA bound. As IPA produces 
the same global conformational change in the protein as l- 
tryptophan, the inability of IPA to confer operator affinity must 
be due to more subtle structural differences between the 
repressor and pseudorepressor. 

The orthorhombic crystal form of trp repressor will readily 
exchange the L-tryptophan ligand for IPA and other desamino 
analogues (Fig. 1). The ligand exchange is associated with 
modest intensity differences in the crystal diffraction pattern 
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Abstract, An antisense dihydrotlavonol reductase 
(DFR) gcne-coimruci made using the cDNA for DFR 
from Antirrhinum rutins was introduced into the 
genome of a serie:; of clonal genotypes of Honw 
cowicuiaiub' via Aarvhacterium rhixoaenes. After initial 
screening. IT antisense and U control transformation 
events were analysed and tannin levels found to be 
reduced in antisense root cultures. The ciTcc: of this 
aniisense construct IpM AJ2l which consisted of the 5' 
half of = r.c DFR cDNA sequence, was compared in 
three different recipient Louts genotypes. This con- 
struct effectively down-regulated tannin biosynthesis 
in two <vf the recipient genotypes (s33 and s50); how- 
ever, this construct was relatively ineffective in. a. third 
genotype is4! i which accumulated high levels of con- 
densed uu'.nms in derived transgenic root cultures, 
Pour pMAJZ antNense and diree cantrni lines der:\ed 
from clonal genotype< 03 end sr'O were vdceied and 
studied in crea'.r- uetaii. The jfuisensc DFR eonsiruci 
was found lo nc integrated aaa ;he genome of [he 
aouscn.se "hairy root"" cultures and the antisense RNA 
was shown to be expressed. Tannin levels were much 
lower in antisense roots compared to the controls and 
this reduction in tannin levels was accompanied by a 
change in condensed tannin subunit composition. 

Key words; Lotus cornlcuUmts Condensed tannins ■ 

Antisense RNA - Agrahaeterium rhizogenes 
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Introduction 

Condensed tannins (proamhoeyamdinsi are poo. 
phenySpropanoid compounds which aecumuia 
various tissues of many plant species. The} arc ■■. - 
mcrs oi ilavan-.\-i-dioIs (euicchin-4-olsi. typically 
joined by 4-*8 interflavan bonds, with ;]avan-3-oh; 
(catechins) attached to the 4 terminal end of the chains. 
Both the tanmn monomers are CI 5 flavonoid based 
and are derived from naringenin chalcone via the 
phenyl propanoic! pathway (Fig. li Ftavan-3,4-dioU 
are common intermediates in the biosynthesis of 
condensed tannins and amhocyanins, and the;- 
synthesis is well documented (Boone et at. 1991; T- .,, a 
and Mol 1991). The enzymatic conversion of fnnwa- 
3.4-diols to ikvou-3-ols was described h\ Stafford 
and Lester : 1 985 1 A number of na>aaa< for "he a • •• 
nation oi' die taimm shunts vea pr.-n. v.: 

;HaMam 1 9*9: SaOaaai a'S-n am ?he aac -aiua 
the condensation aracess sac- n-.a Kcca determine- a 
Tannins are of agronomic significance bee ■ 
many plant species that are used as animal feeds . 
tain tannins in their vegetative tissue, and the abiih 
these tannins to bind dietary protein can have : a ,- 
found eifeets on animal nutrition. In ruminants, tan- 
nins have been shown to be effective anti-bioat agents 
(Rcid et aJ. 1974). This property is thought to be due to 
reduced foaming of .the rumen as a result of binding of 
the tannins to protein causing an effective decrease in 
rumen protein concentration. Tannins have also beer; 
shown to act as protein protectants, reducing hacaa 

ruminant animals, dietary : a it nm can iead 
nitrogen uptake raid weight loss iGri tilths. lasa,. 
densed tannins have ai>o been implicated in fungal 
pathogen resistance (Brovvniec et al. 1.992) and as insect 
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Fig, I. Pathway Tor the biosynthesis w conden- 
sed tannins in Lauo e^fac^kuo. The enzyme 
dihydroilavonoi reductase i.DFR) h marked 



amifeedams ;'Seafbert and Hasiam 198?!. The major 
forage legumes ol European and U'.S. agriculture. 
Tnfnlium rcpens I while clover) una Medicauv wtiiit 
i alfalfa), do not contain tannins in their vegetative 
tissue whereas some of the lesser grown forage legumes. 
Lotus cnnuaihuus (birds foot trefoil) and Qnokrychis 
limjbiiu (sainfoin), do accumulate tannins in these 
nssues. 

L c jrniadatus has a number, of features that make 
it suitable as a model organism in the molecular study 
of condensed tannin accumulation. It produces poly- 
meric, mostly insoluble, tannins in its stems, roots, 
leaves, flowers and seeds (Morns and Robhins 1992), a( 
levels as high as 10% dry weight. L cornicuiiiim is also 
very amenable to genetic transformation and tissue 
culture. Agrohacterium rhtoaenes will readily infect 
wounded L corniculaius tissue and produce "hairy 
roots". These roots can be cultured on solid or liquid 
growth media, and can be propagated with regular 
subculture for many years. The root cultures will -spon- 



taneously produce shoots w hen iliunmaleu. :u;d these 
can bo propagated as shoo? ei;Hure> iXh'-rns ano R , ; S 
bms 19^2). or regenerated in:.o plan's which are 
pheooiypieally similar, to non-transformed plants 
(Webbetal 1990). * 

.4. rhizogems-t ransformed root cultures of L 
corniculaius have already proven to be useful tools in 
the study of condensed tannin biosynthesis. Morris 
and Robbing (.1 992) showed that root cultures produce 
tannins m a similar manner to n on- transformed roots 
and that the tannins arc accumulated in specific "tan- 
nin cells". Additionally, they have shown, that tannin 
accumulation could be modified by certain plant 
growth regulators. A. r/jirot/t^i^s-transformed /.. tor- 
nival at us has also been used in studies of phenyi- 
propanoid metabolism related to plant defence i Rob- 
bins et al 1991) as well as nitrogen fixation ( Petit el aL 
1987) and nitrogen metabolism (Forde et aL 19891. 

Antisense RNA. used as a method of blocking the 
transcription/translation pathway of a particular gene. 



sous 

and so producing an organism with an absent or a 
much reduced gene product, has proved to be a useful 
tool in the genetic manipulation of metabolic path- 
ways. The exact nature of the mechanism of this inhibi- 
tion is a subject of debate (Grierson et ai. 1991; Krol 
el al. 199.1; Moi et ai. 1991), in some systems it has been 
shown that the formation of sense: antisense RNA 
duplexes is involved (Mellon 1985), though in other 
systems no such duplexes have been found, Antisense 
transcript of as liuie us 4] bp have been shown to be 
eileetlve (Cannon et ah 1990). and it has also been 
shown that an excess of antisense transcript h not 
neee^arv for the eflcetive inhibition of gene expression 
I Krol et ai. 1991). Antisense RNA has a i ready proven 
to be a powerful tool in the manipulation of plant 
metabolism. Tomatoes with modified fruit ripening 
characteristics have been produced using this tech- 
nique (Smith et al. 1988). and in two cases this has lead 
to the ideniiiicarion of function in genes whose func- 
tion was previous! v unknown. 

Phenylpropanoid metabolism has also been a tar- 
get for manipulation using amhr.nw RNA, Petunia 
hybrida plants with altered levels of amhocyanin in 
their flowers have been produced by introducing the 
gene for ehalcone synthase into the plants in and sense 
orientation (Krol el si. 198SJ. The gene tor ehaicone 
Isomerase has ai.so been used in antisense ex per: meats, 
but these did not produce plants with altered flavonoid 
levels (Tunen and Moi 1991). The gene for dlhydro- 
llavoncl reductase (DFRj has not. to our knowledge, 
aeen used m antisense experiments, though it has been 
shown to co-suppress [Tunen and Moi 1991). a phe- 
nomenon thought to be due to antisense RNA express- 
ion j.Grierson et al. (991; Moi ei ai. 1:990- 

Heterologous antisense has also been shown to be 
eiTec'ovc iji a number of systems. Krol ct al. il9SM 
uenionM.rated aiat t.hc antisense (a IS A gene -necta\> 
iy ao a r-ree.iiatea the expression of die CI IS B gene ;n 
/a hvhuui. despite having onb ■<!"„ hoinoioey :o :a 
whereas Ytsser et al (1991) found thai the /'v. ;aa^ 
granule- bound starch synthase lOBS.S) aownaaau- 
lated potato GBSS activity, though not as effectively as 
an homologous GBSS. 



In the present study we have brought together the 
techniques of A. rhisoyenes transformation and anti- 
sense RNA technology to modify condensed tannin 
biosynthesis in L comkulatus root cultures. 

Materials and methods 

PLismui ON A mam palatums 

Rc^mcii-ni enzymes, hovmc alkaline ph<'splia?asc. and r- Tea--/ 
were supplied hv Bnchriiyucr Munnacnn 14\. :a:c aar.:.--* 
performed u^ine ave maivaiaeiurer'* rceomrnene-cd er^e.ii]. 

described b\ Man-ntK ei al. a a;- .a... ail pbsmua- 
propagated and maintained m T. r<m no?a JMN > -Plasnuu : 1 
was prepared using die alkaline-lysis method [Maniaus <-.> 
d9H2e for small scale: Lev tor large scale], 

. :. /a isvrz.se acne cassta? owsfrtictum 

Three different amisense constructs were produced by ligaiing 
fragments of the Antirrhinum mams eDNA for DFR, [pJAM 212 
;Bcld el al 1989V], in the antisense orientation, between the 
Ca MV3S5 oromoic? ana the nos terminator of the binary vector 
pROK.2 iHemon etaL 1990*. The line; construct. pMAJt ■, 
produced b> eionmg the ?Oo-hp />\/mHI iVaemera :' 
pj \M2te 4 into the EumH; site ofpROK2 and seic^wne >■> 
correct orientation. The .second construct. pMAJT -a-;* ■ 
duced by first civ ana da- v ">N-hn \r ; I /'..."RV iVis-am ■:■ 

the iVpJii.'i^/ill fragment of pK'MAJA aue- the K/wI. /a^T! 
utes ofpROK2. The ihird construct. pMAJe was pnidueed by 
;h a cloning the ~~l-hp AroRV icoinpieie digest)/ EeoR I (partial 
diiieso fragment into the Ec >RI/&n<i] sues ofpJC Wi lo give the 
p;asarae pK/MAJH. and then ciorane ifcc fritul U B<M iragn) 
of pi CM A J B into the Bamtil site of pROK.2 atKl.sdeci.ing for : a. 
eorreei orientation. Hence, three constructs were proa?.: 
isp&nmnfL the iha qua net, nrst half, and second half oi (he <;D- "- 
for DFR i Fig. l\ In this paper we preseia results relaiim; 
pMAJI. a gene conM.n;ct slut includes the Hr>t half of i.ise a 
'•.-.•••s > ci )\ A. sec ac nee. 



Buair} -.eeJi^rv %cre aur siacee a ;v ;. ••••..•.••:•< - ■ 
LBA^eaO irpurer.Lii ataiaae a-ar.e ,;a • 

met 'nod •! fkrrera-(.:.strei!-i and Ssrac^-.ai iNs'si. < >uc hun.a. 
ciierolicers of a culture of a, r/nra::«'^e.v LHA9402 (grown : . 
cays in YEB plus 50ntt/ml rifanipicin m 2S C with shasar .. 




CH3 Transcribed region an license gene Civastruca. 



urn 



190 ul of E. colt JMS3 containing the binary vector t grown 
overnight in LB plus 50 ug/ml kanaraycin at 37"C with shaking}, 
and 100 jul of £. i'oi: containing the mobilisation plusmid 
pRKIOB igrown overniaht in LB pi us SO^crni kanamvcin at 
j were combined in an Eppendorf tube, vortexed gently to 
mix. and pelleted in a microcentrifuge. The supernatant was 
discarded and the ceils resuspended in 200 ui of 10 mM Tris 
(pH7.2>. 10 mM MgS0 4 . Ten microliters of litis was spotted 
on lo YES agar plates and grown overnight at 28 X'. The cells 
were then resuspended in I ml of A buffer and 100 u] of this spread 
on a YF.B agar plate containing 50ug/ml rifampiein and 
50 may mi kaoamycin and grown for 2 days. The resulting bac- 
terial growth was streaked to smgie colonies on YEB plates 
eon £.;•«. in in § 50ag,ml rifampiein and 50ug.-mJ kanamycin. 

Si'lt'dioii and micropronayaiior, of plant* tor rranst'ormatitm 
»v;:/j A. rh&Jijrries 

To select a series of clonal £ffnoi\pus thai were sensitive to A. 
.'hLt'tft'nt'x L. otrwi'iiiaius cv Leo seeds were surface sterilized as 
described by Webb e; ai. (1^7) and germinated on 1.5",. water 
agar [20 C 1.25 aha see ' for 14 daysi. The shoots were 
excised and iruinferrzd to tt)-ml universal tubes containing 10 mi 
of MS medium with T\ % sucrose, without hormones, and grown 
as above. The eat surface of the residual hypoeoiyi was then 
immediately inoculated with A. riiizmjene* LB A 9402. The infect- 
ed hypowtyls were incubated m the light at 20 :> C I under the 
above conditions'^ and "hairy root" production scored after 26 
days righ; of the genotypes producing' roots were selected, and 
I he uninfected eta shoots grown and propagated on MS medium. 
y\, :-aioro-e, without hormones in universal tabes, under the 
temperature and hgh; conditions as described above. Three ai 
these ^elected cional genotepes wore used as recipients for and- 
ven-vi: constructs in the experiments described in this paper. 

fVu'?? tr::,;.^>mXii;m-; and maimemmce ofrwn i.n Lures 

The stem* of the ma: ro pro pa gated clonal genotypes were strip- 
ped of leaves and side branches and cut into piece* approximate- 
ly .) mm long with a scalpel that had been infected with .1. 
rkizfiyenes. The stem pieces were then placed on sterile Whatman 
niter paper on the surface of a 60-mra Petri cash fSreriiiiU 
containing 0 5 > Gamborgs 85 media {Flow Laboratories) 5% 
sucrose and s'\.. agar without hormones. These were incubated at 
M C m the light <It)Ouf:. m : > "" 1 K After 7 days the stem pieces 
i.soroe of which had heeun to develop roots) were transferred to 
-no a Petri chshrN eomaimme solid 0.5 v B5 media with* 
o- !! :..e mi nrnpieiilin. As "hairy roots" developed mdividtta! root 
tips woo excised from ihee\piant end maintained according to 
Webb vU ..a. >■ 'o' ! ')0l except that ampiciiiin wu> ihe *;n'y antibiotic 
used in the media aniens baeicn.u! growth persisted, in which ease 
roots were e r own on ^rnpiciilui.cefo'axime eiirbenieiilir. [con- 
centra lions as m Webbet -a. ; 1990)]. Roots were transferred into 
liquid culture iuambores B5 media. 3"., sucrose, no hormones) 
once free of bacterial contamination, and maintained as de- 
scribed by Morns and RobbtivMl992). 

Kanamyfin selection 

Individual 0.5-em root dps from cultures grown on solid media 
were transferred to a compartment of a 5x5 repli dish tSierilin) 
containing 1 ml of solidified B5 media. Four replicates of each 
culture were prepared. These were then incubated for 14 days at 
25 C in the dark. Two replicates growing at approximately 
equivalent rates were selected and the cube of agar containing 
the growing root was removed from the dish and placed on solid 
Gam bores B5 media in a 60* mm Petri dish, one rcphcaic of each 



on media containing 25 acorn ka nemo cut. and one on :neu;a 
without antibiotic. The cultures were ero^n a" 2s '. ;n me o.ark 
and jirowtn scored after 2! days. 

ON A ami RNA extract km and hybridization 

Genomic DNA was isolated according to the method of 
Deilaporia at ah il%3) with the following modifications; after 
the first isopropanoi precipitation the pellet was resuspended in 
10 % concentration T£ bailer and extracted with phenol :cfrloro- 
fonn:isoamyl alcohol (50:49: 1}„ the DNA was then precipitated 
with isopropanoi and the final peiiet was resuspended in 1 x 
concentration TE butter plus 50ug,inJ RNase A. Hie DNA 
concentration was determined !luorotneiricatly iCesarnne 
et ai.l9>)i. RNA was extracted from root cultures by the method 
of Omdutm and Davaes T.900?, Biottme of nucseie acids was 
performed asine Zetaprobe ifor Southern- -mo ;.)N.\ ao'bhuo 
iBiorau LuL. or Hyboud-N Tor Nortiiern : A>x->> .\merslai:v; 
Locraatroiao. S!oi-b:Ots were peri'tirme-.i asms; biera.: -.ar 
- i apparatus and Sou-hern-. Norther::- .aw o.«u-iSo:> ea: r:oa 
oat ace-:: rum a to ihe relevant rnanaf^etarvr > jivstraction.s. \ \\ 
bridisations were performed ussne a Hvbam blot processuie 
system, under conditions as described by Webb et ai. i.P»0| 
iSouthern- and sioublotss or Beitany i HK^ (Nortaern-hlotsi. 
Double-stranded DNA probes were prepared using a. random 
primed DNA labelling kit iBoehnnaer Maaaheim L-Ka. and 
single-stranded RNA probes using a SP6-T7 transcription kit 
>Boehnngcr Mannheim UK). Aousense T-DNA was detected 
using the insert from pJ AM2.1 2 as a probe. T. using ihe BamEl 
fragment Sa uienved from p.Rt! 5834? as a probe, arid T» using the 
<ma\ fracmem 5 ('derived from pRiHRL as a piv^e. Antisen.sc 
RNv\ wa> detected usiue kmeiled complementary RNA Iran- 
w:r;aea Tom pTClOl L ihe insert of pj \ N I T ] _T. erme : :nto die 
Sl-Vi transermtion vector. aS'P - ■Hoeanneer M.mnhelm 
:..Kjj. 

Esri/Kcr/tw ,.>/ tannin c\)>itent 

ranniu.s were estimated based on their conversion to an- 
diocyamdins upon acid hyoroiym Between 100 mg and 400 mg 
fresh weigh c of root tissue was placed In a screw capped 15 ml 
class tube, and 2 ml oi butanol : HO {95:5 J was added. The rubes 
were heated to 100 ; C for lb and then allowed Lo eooi. The 
mectrum of the hydroiysate was de-ermuied between 400 nm 
and 700 nm and the absorption at 5.50 urn measured. The absorp- 
tion at 550 nm not due to anihoeyanuims was estimated by 
interpolation of tne underlying curve, not pan of the 550 run 
peak, and subtracted from the total absorption a? 550 nm The 
e'una-.e \uiue ^as used ?o caiealate the tannin comcmVf the 
aarpie aoe.j ilu: i : '■ : of i/Odeternn'ned by .vaiT^ap.; ./a; Oicnc 
i ivsxis. : Irs huianoi:i{('l l.ytiroiy^-s mctb:-*' ior :he aeseoima - 
nor of cCM:denseu tannine eo.es a:: accirate anu lineal de^ermi 
;mii<:n ol':ot;u u.e. Mu'ubk' aru :ma.uubie? .'■>nden>cd aaiaae- .mo 
has recent l> been validated in a range off oeuie specie- bv Terriil 
et ai. fW2i. Lsiimation of percentage procyanidin C: t , PC] of 
condensed tannins was performed as described bv Morris and 
R.obbmst 19921 



Results 

Selection of sensitive seedlings ana plant 
transformation 

To produce a series of clonal genotypes sensitive to A. 
riuzouenez 50 seedlings were selected. 25 of winch were 



iOK) 



inoculated with A. rhlsogenes. and 25 of which were 
untreated. Of the inoculated group .15 (60° n ) produced 
"hairy roots" after 26 days, while none of the untreated 
group produced "hairy roots". Of the 15 genotypes that 
produced "hairy roots", eight were mieropropa gated 
ana used as recipients for the antisense constructs. 
These were designated <26, s28. sJ3* s35. s4l. $46, $47, 
and $50; this paper discusses results using three of t hese 
genotypes. s33, s41 and $50. 

Transformations were performed on these three 
genotypes, using A, rhizagenes LB A 9402 harbouring 
the amisense construct, pMAJ2. Control transform- 
ations were carried out using either wild-type 
LBA9402 or LB A 9402 housing the binary plant trans- 
formation vector. pR OK 2. Initially 60 antisense trans- 
form ants were tested for kanamycin sensitivity and 45 
showed the abilitv to grow on media containing 
25 mm ml of kanamycin. mdicaung e. co- transform- 
ation rate oi'5'\, 

Analysis of condensed tannin fare is in 
iransgeiuc root cut aire 5 

Condensed tannin levels were determined in transgenic 
root cultures derived from three different recipient 
Lota* genotypes. Comparisons were made between 
independent control lines transformed with wild-type 
A. rhizagenes LBA.9402 and kanaroy tin- resistant lines 
transformed with LBA9402 harbouring the antisense 
vector construct. pMAJ2. After initiation in liquid 
culture, control \C) and antisense iRFD) root cultures 
sve re suhcaitured at 14-day periods and harves;cd for 



analysis after the third subculture. Analysis of control 
transformed lines indicated that independent eonr -] 
lines derived from individual genotypes showed . 
sis-ten i pa; terns of tannm accumulation i f in. ' : 
control lines derived from ueaotvpe^ > 3 3 had .; ": 

umnitt level of 03 -0.06 my a fresh \veini \ r \ 

three control, lines derived from ou accumulated 
0.51 ±0.1 5 mg/g FW of condensed tannin, while tor 
live lines derived from s4i mean tannin levels were 
3.29 ± 0.66 mg/g FW. Tannin levels of lines trans- 
formed with .4. rhizogenes LBA94C52 harbouring the 
unmodified plant transformation vector pROK 2 were 
similar to values for wild-type LBA9402 (data , 
shown). 

In subsequent analyses, tannin levels were analysed 
in kanamycin-resistani Lows root cultures trans- 
formed with the antisense DFR construct. pMAJl in 
:e no type v"v two .muscn>e linos. RFD ~ .mo! R FT, a 
had tannin levels v.a::c;ai\ uKii.vUneuro.aru,' h 
control lines; however. a;i tnc rcmummc w\ .i:u: ..-./aw 
lines showed a marked reduction tn mnnm aceuum ..• 
tion in. comparison 10 controls iFig. 3). The mo?> ! 
treme example of low tannin levels was line RF 
which accumulated condensed tannin levels of Oh. 
0.03 mg/g FW m comparison to mean s33 conuol 
values of 0.39 mg/g FW. In genotype s50 a different 
distribution of tannin levels was found in individual 
antisense lines. One line. RFD 3. had significantly-" 
higher levels of condensed tannins in root culture 
material than controls; two lines, RFD 3 7 and RFD3F 
had similar levels to controls: while two fur [her I in 
RFD40 and RF02S. !md si^mi^amiv-iowm- 
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Fig. 3. Condensed tannm levels in control and antisense I p.MAI2) transformed root, cultures of three different clonal -genotypes. o{ U 
corniculatus. Tannm levels were determined from triplicate flasks harvested after the third liquid subculture 
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than s50 control lines. In genotype s41 antisense lines 
accumulated condensed tannins with similar levels to 
s4t control lines (Fig. 3), 

In order to analyse whether the reductions in tan- 
nin levels no led in genotypes s33 and s50 resulted in 
alterations in tannin polymer structure, the degree of 
hydroxyiation oi tannin polymers was determined in 
tissue from control and anti-sense root cultures ai the 
third subculture. The resales of the PC: PD analysis are 
shown in Fig. 4. In genotype $33, control PC; PD 

values lay in the region of 7 0 $0% procyanidin. while 

lour antisense lines with reduced tannin levels had 

PC: PD values of HO 1 00%, with one line which yielded 

190% procyanidin on hydrolysis. In $50. control lines 

had PC;PD ratios of 70 80°;. while three low-tannin 

antisense lines had PC: PD values of greater than 80%, 
in s41. PC: PL) values were indistiguishablc between 
control and umisense lines and ranged between 50 and 
<\Y ... 

WotVoa/i/r anal vsis of < oturoi una a ; .se.*?se tines 

in view of the condensed-tannin results (or control and 
atHtscn.se unes in iienotypes s33 and s5U. detuned nu>- 
:eciua:an;.Hv$;s was carried out on three typical control 
lines and (our selected antisense lines. The $33 lines 
selected for study were: C26. C27. C33, RFD8, RFD19, 
RFD21 and RFD38:and for s5(> the selected lines were: 
C5, C2L C21 RFD28, RFD3L RFD37 and RFD40, 
Genomic DNA was extracted from each of these lines 
and analysed lor ihe presence of three classes of T* 
DNA sequences Uhe binary antisense T-DNA and two 
T •••ON As from the A. rhkofjenes Ri piasmid. T L and T s ). 
;iN A <iot-b!.ots were used to determine the presence or 



absence of three T-DNAs, and to estimate their copy 
number and the results are shown in Fig. 5. All of the 
control and antisense transformed lines were shown to 
contain the T L T-DNA. indicating that all the lines 
were .4. rhiztygeries-unmiormtd. and all but one 
(RFD28) of the antisense transformams. hut none of 
the controls, were shown to contain the antisense 
T-DNA. indicating that these lines were co-irans- 
fo nned. Though no an'osensc Df'R sequences '.vcre 
detected in the genome of RFD2S. it was so>u:ci> 
kanamyein -resistant, indicating the transfer of some of 
the binary T-DNA. and so was treated as an antisense 
line. Four of the six controls, and six of the eight 
antisense lines were shown to contain the T R T-DNA. 
A greater proportion of the s50 transformants than the 
s33 transformants contained the T R T-DNA (Fig. 5e'K 
and this may reflect a greater susceptibility to T R 
transfer in s50 than in s33. A correlation, significant at 
the level (coefficient 0.613k was found between the 
number of T B copies transferred and the number ofT t 
conic- transferred, though no suirincan: correlation 
was found between either "he ;uenoer A' I' K [". 
copies transferred and the number^/ anu--en.se 1 a >\ V 
copies Jransierred. I he s^M-nloi was aiso h v rnd;?>eO to 
total L cornicularus genomic DNA to ensure e\cn- 
loadmg of the samples. No large differences between 
amounts of genomic DN A loaded for each sample were 
found (Fig. 5d). The presence and integration into the 
genome of the antisense T-DNA was further confirmed 
by Southern hybridisation (Fig. 6d), 

The antisense lines were also analysed for expres- 
sion of the antisense gene by Northern hybridisation. 
Single-stranded RNA probes specific to the antisense 
RNA were used to detect antisense RNA transcript in 
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r«ig. 4. Relationship boiween condensed tannin levels in root cultures of L. mmiculaxm.. and the percent procyanidin contest oi she 
tannro, m antisense and. control root culiures produced from three different clonal genotypes. Standard errors of the means t three 
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T-DNA in selected antisense and control root cultures, a-ti sh 
iai. T R ibh the antisense T-DNA set. and loial JL. corniculatus I 
c26. c27. -j53, com: row: R.FD8, RFDI9. R.PD2L RFD.3!0 
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total RNA isolated from the rod cultures. Andsense iram- 
jript was found m sL\ of thceichi antisense transform- 
mts. but not in rhc control transform ants t Fie. tut 



Discussion 

As an outbreeding crop. L corniculatm shows much 
heterogeneity in phenoiype. including its chemical 
composition (Roberts et ai. 1 989), and for this reason it 
was considered necessary to produce a series of clonal 
genotypes which were sensitive to A. rhizogenes infec- 
tion and which gave good "hairy root" formation and 
regeneration. This allowed antisense transfonnants to 
be compared directly with control transformants of the 
same genotype. Subsequent data showed this to be an 
essentia] prerequisite for the detailed analysis of the 
■experiment as tannin levels varied greatly between 
genotypes (Fig, 3). 



The exact nature of the meeharmm of am;semc 

stood (Grierson e*. al. K;v-i ei ai. v ; 
lV l )l ) and che features of me ..r;^a;:a m.roee; 
conlcr optimum suppress: ot: of gene c\pre:\ma' , 
well denned. Comparison of effects of different pm 
of transcripts used in antisense experiments give cm: . 
ent results in different biological systems. Krol er ai. 
(1990) demonstrated that the 3' end of the CHS coding 
region was enough to confer antisense suppression, 
whereas the '5' sequence alone did not. In contrast 
Melton (1985) showed that the 5' sequence of frog 
oocyte globin was essential for antisense-mediated 
down-regulation of the protein. Short oJigonuclet * ! h: 
have also proven to be effective in dowmregah 
gene expression in some systems. Cannon et aa 
showed effective inhibition of aus expression a--: ... 
41 -bp antisense gene homologous to the end - ^ 
gits cDNA, whereas Smith et al. i l»5S6i snowed ma; 
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l it*. 6. Southern una Northern analysis of selected jranslonvsori root euiuues. ii '<he\vs a Nvuh^nv^ha <A RN \ i': = M;t. .»/?< ;. Rl'l ». ". 
R F 1 >19: J. RFD2 a c26. probed with an RNA probe spectik. tor the anus^nve RNA, ,mu exposed for ifi h. b is us a e\eepi 

thai ii K a 5 day exp^iurc. c shows a Northern of RNA from rool cultures of. tunc /., RKD2S: RFD3J: 1 RFD37: a R.FD40; 5. eta 
pro bed with an RNA nrohe specific for the ambense RNA. and exposed for 1.6 hours, d is a Southern- bio r of ON A from root cultures of 
lane /. ecY>: Z. R KDI ); s, c5; ■;. RFD3*?: .5. RFD40. probed with ihc construct pMAJl Sizes of amisense transcript and DMA molecular 
-"rein markers are in knp 



antisense treatment directed to the imron-eson spike 
sites of herpes simplex I reduced virus production by 
" Ur .. in 'nammaiian ceil culture. 

These contrasting observations make it difficult to 
predict >v nether or not a given anusen>e con struct will 
be effective, in these experiments we have used a 
construct consoling oi* the s ' half of a dihydrottavonol 
re dir.: rase eDK .\ troni I. mains. I wo other constructs 
consisting of the first quarter and the second half of the 
\. mains DPR cDNA have also been produced and 
results comparing the effectiveness of these three differ- 
ent constructs will be published elsewhere. With regard 
to homologies' required far effective antisense pheno- 
types there arc a number of pieces of evidence that have 
suggested that the A. mains DFR gene would be a 
suitable heterologous sequence.. Firstly, stringency 
washes have indicated an homology of approximately 
so • . between the muni?. cDNA sequence nod se- 
quences present m the eenome of L. iornkuUirus I Rob- 
bins, unpublished data*, in fact we have detected a 
small family of 2 4 genes in a range of Loi ns genotypes. 
Oilier evidence supporting heterologous DFR experi- 
ments comes from the outstanding homologies noted 
between DFR gene sequences in different plant species. 
Sequence comparisons of the 4. ma jus DFR cDNA 
with other cloned DFRs has shown significant 
homologies to cDNA sequences from a range of other 
species including P. hybrlda i'Beid et al. \9B9i Z. mays 
iSehwariz-S.ommer et ah 1.988) and • Arahidopsis 
thaliana (Shirley et al 1992). Comparisons of these 
sequences indicate berween-species homologies of up 
to 85%. with these homologies being most marked in 
the 5' half of cDNA sequences. 



Initial analysis of antisense and control root cul- 
tures showed thai the presence of the antisense eon- , 
struct. pMAJ2, was correlated with reduced tannin 
levels strongly suggesting that the construct was effec- 
tively Jown-reguiattag tunmn accumulation Com- 
parison of tannm levels between immense a::d eomr.n 
transfonnmus in genotypes s.v ana mdieaieo, ... 
number of antisense transform a ru> which evhiouea 
reductions in relative umnin levels. In audition mere 
were examples of transformams in which there was no 
detectable antisense phenotype, eg., RFD7 and RFD4 
in genotype s33 and R.FD3? and RFD3! hi genotype 
s50, and these may be regarded as ineffective antisense 
transformation events. in s4L there were no examples 
of antisense transform an is with reduced tannin levels 
relative to the controls. This observation, that the 
pMAJ2 T-DNA has a more significant effect on tannin 
accumulation in low-tannin geuoivpes than in the 
high-tannin genotypes, is novel. To iheatuhor*" k nowi- 
edge this is the iirst published report of dtffcrcntitd 
effects of antisense inhibition of secondary meiao<-iic 
pathways noted with genu ly pes oi differem biosyn- 
thetic capacities. 

The analysis of antisense transforrnams of the two 
selected genotypes, s33 and s50, showed the binary 
DMA to be integrated Into the genome of the antisense- 
transformed plants f Pigs. 5c, 6di that the antisense 
RNA. was expressed (Fig. 6a ch and that the presence 
of the antisense T-DNA was strongly associated with a 
reduction in tannin levels. Southern analysis of Hind Hi 
digests of genomic UNA from three of the antisense 
lines. (RFD19. RFD37. and RFD40). indicated the 
presence of a diagnostic 1.3-kbn fragment (Fig. 6d l 
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comprising the CaMV35S promoter and 530 bp of the 
A. majus DFR gene, demonstrating that the aiuisense 
construct was intact in these iincs. "This band was 
clearly visible in the DNA from RFD37, a line contain- 
ing five antisense copies as determined by sioi-bloi 
analysis {Fig. 5\ but less visible in the DNA from 
RFDI9 and RFD40 (containing four and two anti- 
sense copies respectively). Other hybridising bands 
were found in all three antisense lines examined. These 
were of varying molecular weight, suggesting, that they 
were border fragments, comprising DNA from the 
pMAJ2 plasm id with Lows genomic DNA surround- 
ing the integration sues (Fig. 6d). The presence of these 
border fragments is strong evidence for the integration 
of the binary vector into the genome of Lotus. In one 
antisensc line. RFD2S. we were unable to detect any 
antisensc sequence in genomic DNA asins slot-biois 
(Fig. 5k however tins line has shown consistently low 
1 3 an .mi leveis both in root cultures and in regenerated 
plants (unpublished data). Wc suspect thai oMAJ2 
may have undergone some son of structural rearrange- 
ment and we are currently continuing with a genetic 
analysis of RFD28 in order to clarify the details of this 
transformation event. 

The observation that an ti sense RNA is easily de- 
tectable in the transformed root cultures may seem to 
contradict the findings of other workers {Kroi et al. 
1988; Smith etui !988i that antisense RNA is nor 
detectable in tissue where the sense message is also 
expressed. However, in this ease the RNA was isolated 
from whole-root cultures, whereas there is strong evi- 
lierce tha: tannin biosynthesis ui id presumably 1)1 R 
c\ predion) occurs oni% ;.n ccriaiii ceil Lae.cec.^ and 

stem i Morris and Robbins 19V 2). Therefore, ihc RNA 
extracted from antisense transformunts may represent 
the RNA from ceils m which both the antisense and the 
sense gene are active (those cells actively synthesizing 
the DFR protein J, and cells in which, only the antisense 
gene is active (those ceils not actively synthesizing the 
DFR protein). Observations from other systems (Krcl 
et aL 1988: Smith et al. 1988} would suggest that anti- 
sense RNA would be easily detected in RNA extracted 
from ceils in which the >cnsc gene i> inactive. 

Despite the strong correlation between 'he pre- 1 - 
enee of the antisense T-DNA and the reduction m 
tannin levels no correlations could be found between 
the degree of reduction m tannin leveis and cither the 
number of copies of the antisense T-DNA integrated 
into the genome or the* steady-state levels of antisense 
RNA, This is in accordance with the findings of other 
'workers who showed that an excess of antisense RNA 
is not necessary for the antisense phenotypc (Krol et al. 
1991). Also the presence and copy number of the .4. 
rhizogenes T-DNAs did not appear to affect the tannin 
levels in the transformed root cultures. The correlation 



between the number off. copies and the number of T R 
copies was significant but not great, and may reflec: 
differences in the level and duration of .4. rhizouent/ 
plasmid vir activity during ciifTerenr transformu 
events. 

The changes in tannin composition associated with 
the antisense-mediated reduction in tannin accumula- 
tion probably reflect alterations in the regulation of 
tannin biosynthesis. These alterations are not specific 
to cultures with genetically-modified tannin levels but 
also hold true for cultures that have naturally lew. 
genotype-dependant, tannin levels. However, the use: of 
some chemical inhibitors of tannin biosynthesis n 
also been shown to reduce tannin leveis by sk~. 
amounts to the antisense constructs but do not c;.. ., ,:■ 
any change in the percent of proeyanioir. »unpLihli:-;a.:;i 
data?. These observations mav have 'mrlicntauv 
-;he meeharmaro *.»f de*eiopme:nai .. Miiiv: •; v ■ 
densed tannin biosynthesis ;md these pterin mena . 
currently under tnvesttgauon. 
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Abstract 

Ethylene production was measured during vegetative and reproductive development in normal tobacco plants and 
in transgenic tobacco plants carrying antisense genes for tomato ACC oxidase driven by the 35S CaMV promoter 
( Hamilton et al., 1990). When expressed in three independently derived transgenic plants, the antisense ethylene 
gene failed to affect ethylene production in young/mature leaves or in stems but it did inhibit ethylene production 
in roots by 37-58%. Ethylene production in developing flowers (i.e. from small unopened flower buds up until 
open flowers at anthesis) was not affected in transgenic plants but ethylene production in fruits was inhibited by 
35%. The most dramatic effect on ethylene production in transgenic plants was seen immediately after wounding 
leaf tissue, in which case the antisense gene inhibited wound ethylene production by 72%. Thus, the antisense 
gene composed of a 35S CaMV promoter driving a heterologous ACC oxidase sequence had differential effects on 
ethylene production in tobacco plants. 



Introduction 

Antisense technology has been used successfully to 
inhibit several different plant processes; e.g. photo- 
synthesis, starch synthesis, floral organ development, 
flower pigmentation, flower senescence and fruit ripen- 
ing (Watson and Grierson, 1993; Stitt and Schulze, 
1994). By using antisense genes for ethylene biosyn- 
thesis, it has been possible to produce slower-ripening 
tomato varieties (Hamilton et al., 1990; Oeller et al., 
1 99 1 ) as well as carnation varieties with longer-lasting 
flowers (Michael et al., 1993). At the same time that 
antisense ethylene genes have been used for practi- 
cal objectives, they have also provided insight into 
basic processes involving ethylene. Several reviews 
have summarized characteristics of antisense-ethylene 
transgenics, pointing out that major effects involve 
fruit ripening and flower senescence (Klee and Estelle, 
1991 ; Romano and Klee, 1993; Gray et al., 1994; John 
etaL, 1995). 

Genes for the key enzymes of ethylene biosynthe- 
sis, ACC synthase and ACC oxidase, exist in plants 
as multigene families with, for example, nine and 



three copies, respectively, occurring in the tomato 
genome (Zarembinski and Theologis, 1994). Different 
members of these multigene families are expressed at 
different times during development and considerable 
sequence variability exists among members of both 
multigene families (Kende, 1993). 

We have produced tobacco transgenics carrying an 
antisense version of a gene for tomato ACC oxidase 
(Hamilton et al., 1990). This report summarizes studies 
dealing with the effects of this antisense gene on ethy- 
lene production in different organs during the life cycle 
of plants. Of particular interest is the finding that ethy- 
lene production is differentially affected, showing that 
heterologous genes can inhibit ethylene production in 
an organ-specific fashion. 

Materials and methods 

Plant transformation 

The antisense gene for tomato ACC oxidase was 
obtained as binary plasmid pBASC (Hamilton et al., 
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1990) from D. Grierson, University of Nottingham. 
This piasmid was introduced into A grobacterium tume- 
faciens LBA4404 by triparentaJ mating (Van Haute 
et al., 1983). Tobacco (Nicotiana tabacum cv Petit 
Havana SRI) was transformed by the leaf disc method 
(Horsch et al., 1985). The numbers of independently 
segregating loci were determined by selfing followed 
by analysis of progeny for kanamycin resistance (Rey- 
naerts et al., 1988). Kanamycin resistance in progeny 
from transgenics BASC-1, BASC-2 and BASC-3 seg- 
regated as 3, 4 and 4 loci, respectively. 

Ethylene determinations 

Ethylene production was measured as described by 
Rodrigues-Pousadaet al., (1993). Tissues were placed 
in 20 ml test tubes with moist filter paper. After a 
6-h preincubation period to avoid measuring wound- 
induced ethylene production, the flasks were sealed 
for 24 h, after which time accumulating ethylene was 
measured by gas chromatography. 

PCR and other nucleic acid methods 

To verify the presence of T-DNA sequences in 
transgenic plant material, genomic DNA was ana- 
lyzed by PCR (Mullis and Faloona, 1987) using 
primers based on tomato ACC oxidase (sense 5'- 
GAATTCGCTTGTGAGAACTGGGGTTTC-3 , and anti- 
sense 5 1 -GG ATCCTTC AA ATCTTGGCTCCTTGGC- 
3'). DNA was isolated using a conventional high-salt 
extraction procedure (Gelvin et al., 1991) followed 
by DNA purification with a Qiagen 100 column (Qia- 
gen Inc.). RNA was isolated using a Qiagen Kit. For 
nucleic acid hybridization experiments, Gene Screen 
(Dupont) membranes were used along with probe 
labeled with the Prime- a-Gene system (Promega). Pro- 
tocols for probe preparation, hybridization of mem- 
branes, etc. followed the recommendations of the man- 
ufacturers. 



Results 

Ethylene production during vegetative growth and in 
developing fruits is differentially affected by antisense 
ethylene genes 

Transgenic tobacco plants carrying antisense ethylene 
genes, selected using kanamycin resistance and veri- 
fied by PCR, were grown alongside nontransformed 



SRI. Patterns of ethylene production among three 
transgenics expressing an antisense ACC oxidase gene 
were essentially the same. Table 1 compares ethy- 
lene production in different tissues from transformed 
and nontransformed plants. No consistent inhibition of 
ethylene production in leaves or stems could be detect- 
ed in antisense plants, although root ethylene produc- 
tion was inhibited by 37-58% and fruit ethylene pro- 
duction was inhibited by 35%. Consistent with results 
for Arabidopsis (Rodrigues-Pousada et al., 1993), we 
observed significantly higher ethylene production in 
young (immature) leaves compared to mature leaves. 

Ethylene production by developing flowers is not 
inhibited in antisense plants 

Figure 1 shows the fluctuation of ethylene production 
rates during flower development, using flower stages 
as defined by Drews et al. (1992). As indicated, small 
unopened flowers (Stage 1) produced nearly 30 nl g _1 
h -1 ethylene but subsequently ethylene production 
declined (Stages 2-3). A burst of ethylene production 
then occurred, coinciding with the expansion growth 
of the corolla (Stages 4-6), followed by a sharp drop 
(Stages 7-11) and then a rise in ethylene production 
leading up to anthesis (Stage 12). Ethylene production 
by antisense ACC oxidase plants was not significantly 
different from controls. 

Wound ethylene production is dramatically reduced in 
antisense transgenics 

Figure 2 presents the fluctuation in ethylene produc- 
tion that occurred after wounding leaf tissues by mak- 
ing leaf discs using a hand-held paper punch (Horsch 
et al., 1985). Ethylene production in nontransformed 
tissue increased rapidly, reaching an average of near- 
ly 20 nl g -1 h~* during the first hour. Subsequently, 
wound ethylene production declined with average rates 
corresponding to 11,2, 5 and 4 nl g~* h"" 1 during the 
second, third and fourth hours after wounding, respec- 
tively. By the sixth hour after wounding, the rate of 
ethylene production had returned to control levels. 

Wound ethylene production was inhibited by 72% 
in antisense plants during the first hour after wounding. 
Significant suppression of wound ethylene production 
in transgenic plants was also clearly evident during the 
second and third hours after wounding. 
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Table I. Comparison of ethylene production rates (nl g"" 1 h~ J ) in different 
organs of normal (SRI) and transgenic plants. 



Mature Leaf Young Leaf Stem Root Fruit 
SRI 0.6(0.2) 1.1(0.1) 2,4(0.4) 19(3) 2.2(0.4) 



BASC-1 
BAS02 
BASC-3 



0.5(0.1) 
0.5(0.1) 
0.5(0.2) 



0.9(0.3) 
1.4(0.2) 
1.9(0.2) 



1.4(0.1) 
2.5(0.2) 
2.4(0.2) 



8(0.3) 
12(3) 
9(0.4) 



1.4(0.4) 



Each data point represents the mean of at least 4 independent deterrninations 
with SE in parenthesis. The experiment was repeated three times with similar 
results. 




1 2 3 4 5 6 7 8 9 10 11 12 
Flower Stage 



Figure 1 . Ethylene production during flower development by normal 
and by transgenic tobacco. Flower stages are defined according to 
Drews et al., 1992); for each stage, the unshaded bar shows ethylene 
production for normal plants while the shaded bar shows production 
for transgenic plants. Each value for normal plants is the mean 
of three independent ethylene determinations with three different 
flowers with SE bars. In the case of transgenic plants, each value was 
obtained by pooling results from all three transgenics, using three 
independent ethylene determinadons with three different flowers for 
each plant. 



Gene expression studies 

Figure 3 shows a dot blot, probing RNA preparations 
from tobacco leaves and flowers with the tomato ACC 
oxidase gene. A strong signal became evident in leaves 
10 min after wounding but this signal disappeared after 
60 min. This result is similar to results obtained by 
Hamilton et al., (1990) who detected a rapid increase- 




1 2 3 4 5 
Hours After Wounding 



Figure 2. Wound ethylene production by leaf discs (0.5 cm diameter) 
from normal and transgenic (BASC-2) tobacco. Each point repre- 
sents the mean ethylene production of three samples, each consisting 
of 20 leaf discs, with SE. This experiment was conducted on three 
different occasions with similar results. 



and-decrease in ACC oxidase mRNA in wounded leaf 
pieces from tomato plants. 

The relative expression of the 35S-antisense gene 
is shown by the signal for BASC-1 leaves, 60 min 
after wounding. By comparison, expression of the anti- 
sense gene was considerably lower in BASC-1 flow 
ers. Based on this and similar blots, we estimate that 
the 35S-antisense gene is expressed only about 1/5 as 
strongly in flowers compared to leaves. 



I 
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SRI, 10 min 
SRI, 60 min 

BASC-1, 60 min 
BASC-1, flower 




Figure 3. Dot blot analysis of gene expression in norma] and trans- 
genic tobacco. Fifty microgram samples of RNA,quantitated by UV 
spectroscopy, were spotted on a Gene Screen membrane which was 
then probed with labeled ACC oxidase from tomato. 

Discussion 

The antisense gene for tomato ACC oxidase exhibited 
tissue- specific effects, significantly inhibiting ethylene 
production in roots, fruits and wounded leaves but not 
affecting ethylene production in leaves, stems or flow- 
ers. Possible explanations for this differential effect 
include; 

- varying degrees of homology of the tomato gene to 
the different tobacco genes expressed at different 
times during development, 

- tissue-to-tissue fluctuations in the availability of 
other components required for antisense action 
(Nellen and Liechtenstein, 1993) and 

- variable expression of the 35S promoter. 
Strong suppression of wound ethylene production 

in plants having no inhibition of ethylene production 
during flower development was particularly striking. 
It is possible that this was caused by a lower level 
of expression of the antisense gene in flowers in as 
much as we found only about 1/5 as much transcript 
in flower tissues compared to leaves. On the other 
hand, antisense strategies have been used successful- 
ly before with tobacco flowers. Examples of effective 
antisensing using 35S-driven genes in tobacco flow- 
ers are transgenics expressing antisense constructions 
for homeotic genes controlling flower development 
(Kempin et aL, 1993; Mandel et al., 1992). A second 
possibility for the differential effect of antisense on 
wound versus flower ethylene production is that a dif- 
ferent ACC oxidase is induced by wounding in tobacco 
than the gene(s) that is induced during the course of 
flower development. At any rate, the results illustrate 



one example of what can happen when a heterologous 
antisense gene for an ACC oxidase is expressed in a 
transgenic plant. Ethylene is known to be produced in 
virtually all plant tissues, at rates varying from 0.05 
to several thousand nl g -1 h^ 1 (Abeles, 1973). So 
far* ethylene antisense has been used successfully only 
in cases such as tomato fruit ripening (Oeller et al., 
1 99 1 ; Gray et ah, 1994 ) or carnation flower senescence 
(Michael et al., 1993) where ethylene production rates 
are very high. Presumably, these processes are con- 
trolled by the so-called "system 2" ethylene receptor 
(Yang, 1987). Whether processes regulated by lower 
ethylene levels, such as several phenomena in plant 
tissue cultures (Biddington, 1992), can also be inhib- 
ited using ACC synthase or ACC oxidase antisense is 
unclear. 
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Flaveria bidentis, a C 4 dicot, was transformed with sorghum (a 
monocot) cDNA clones encoding NADP-malate dehydrogenase 
(NADP-MDH; EC 1.1.1.82) driven by the cauliflower mosaic virus 
35 S promoter. Although these constructs were designed for over- 
expression, many transformants contained between 5 and 50% of 
normal NADP-MDH activity, presumably by cosense suppression of 
the native gene. The activities of a range of other photosynthetic 
enzymes were unaffected. Rates of photosynthesis in plants with 
less than about 10% of normal activity were reduced at high light 
and at high [C0 2 ], but were unaffected at low light or at [C0 2 J 
below about 150 fill" 1 . The large decrease in maximum activity of 
NADP-MDH was accompanied by an increase in the activation state 
of the enzyme. However, the activation state was unaffected in 
plants with 50% of normal activity. Metabolic flux control analysis 
of plants with a range of activities demonstrates that this enzyme is 
not important in regulating the steady-state flux through C 4 photo- 
synthesis in F. bidentis, Cosense suppression of gene expression was 
similarly effective in both the mesophyll and bundle-sheath cells. 
Photosynthesis of plants with very low activity of NADP-MDH in 
the bundle-sheath cells was only slightly inhibited, suggesting that 
the presence of the enzyme in this compartment is not essential for 
supporting maximum rates of photosynthesis. 



The photosynthetic efficiency of C 3 plants is often lim- 
ited by the competition of 0 2 with C0 2 at the active site of 
Rubisco, the primary carboxylating enzyme of photosyn- 
thesis (Andrews and Lorimer, 1987). C 4 plants have 
evolved a complex mechanism involving both structural 
and biochemical adaptations to overcome this (Hatch, 
1987). The primary role of the C 4 mechanism is to increase 
the ratio of C0 2 to 0 2 in the bundle-sheath cell chloroplast, 
the site of C0 2 fixation by Rubisco. This adaptation in- 
creases both the maximum rate of photosynthesis and the 
efficiency of the process at low light. Other advantages of 
the C 4 pathway are improved efficiency of water and ni- 
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trogen use (Hatch, 1987). However, the advantage con- 
ferred to a plant by these adaptations is temperature- 
dependent, declining as the temperature decreases (Hatch, 
1987). 

Although the properties of many enzymes of C 4 photo- 
synthesis have been extensively studied in vitro, until re- 
cently we have had no way of examining the role of key 
enzymes in regulating photosynthetic flux in the intact 
plant. Gene-suppression technology, in particular, anti- 
sense, has proven invaluable in identifying the important 
regulatory enzymes in C 3 photosynthesis under a range of 
environmental conditions (Furbank and Taylor, 1995). The 
recent development of an efficient transformation system 
for the C 4 dicot Flaveria bidentis (Chitty et al v 1994) has 
allowed us to apply these techniques to the study of C 4 
photosynthesis. This approach has demonstrated that, as in 
C 3 plants, Rubisco is an important determinant of the rate 
of C 4 photosynthesis at air concentrations of C0 2 and at 
high light intensities (Furbank et al., 1996). However, C 4 
photosynthesis is compartmented between two cell types, 
and the regulatory properties of both the photosynthetic 
carbon reduction cycle and the C 4 cycle enzymes must be 
considered. Some of these enzymes have complex regula- 
tory properties (Hatch, 1987), and it is quite likely that one 
or more of them is also involved in regulating photosyn- 
thetic carbon flux. One potential target for regulation is the 
reaction catalyzed by NADP-MDH (EC 1.1.1.82): oxaloac- 
etate + NADPH + H + ^ malate + NADP*. 

In maize NADP-MDH is localized exclusively in the 
mesophyll cell chloroplasts. Activity of the enzyme is reg- 
ulated by changes in the concentrations of substrates (Ash- 
ton and Hatch, 1983a), and also varies in response to 
changes in light intensity (Johnson and Hatch, 1970) due to 
changes in activation state. This is due to covalent modifi- 
cation of the enzyme involving the reduction and oxidation 



Abbreviations: CaMV, cauliflower mosaic virus; MDH, malate 
dehydrogenase; nos, nopaline synthase; OA A, oxaloacetate; 20G, 
2-oxoglutarate; PEPCX, PEP carboxylase; PGA, phosphoglycerate; 
PPDK, pyruvate phosphate dikinase. 
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of Cys residues by thioredoxin m (Kagawa and Hatch, 1977; 
Jacquot et al., 1984), The oxidized form of the enzyme 
extracted from darkened leaves is almost completely inac- 
tive, with less than 0.001% of the activity of the reduced 
enzyme (Ashton and Hatch, 1983a). The activation state is 
regulated by the ratio of NADFH to NADF both in vitro 
(Ashton and Hatch, 1983b) and in vivo (Rebeille and Hatch, 
1986). These properties of the enzyme provide it with a 
sensitive mechanism by which activity can respond to 
changes in the redox potential of the chloroplast (Edwards 
et al., 1985). Although this suggests a potential role for the 
enzyme in regulating photosynthetic flux, the degree to 
which this occurs in vivo is not known. 

The individual amino acids involved in the covalent 
regulation of the sorghum enzyme have been identified 
(Issakidis et al., 1992, 1994), and mutagenesis has pro- 
duced, among others, an always active, thiol-insensitive 
enzyme {Issakidis et al., 1994). We have used clones encod- 
ing both the wild-type and the mutated sorghum enzymes 
to manipulate the activity of NADP-MDH in transgenic F. 
bidentis. Analysis of these plants has allowed us to assess 
the role of this enzyme in regulating the rate of C 4 photo- 
synthesis. F. bidentis differs from maize in that it has sig- 
nificant activities of NADP-MDH in the bundle-sheath cell 
chloroplast (Meister et aL, 1996). Therefore, we have also 
considered the significance of this form of the enzyme in 
the regulation of C 4 photosynthesis in this plant. 

MATERIALS AND METHODS 

Biochemicals were obtained from either Boehringer 
Mannheim or Sigma, Thioredoxin was purified from Esch- 
erichia coli transformed with the multicopy plasmid 
pPMR18, provided by Marjorie Russel (The Rockefeller 
University, New York), which contains the E. coli thiore- 
doxin (TrxA) gene (Russel and Model, 1986). The thiore- 
doxin was purified to homogeneity by a procedure involv- 
ing sequential (NH 4 ) 2 S0 4 and PEG fractionation followed 
by DEAE-Sepharose chromatography (A.R. Ashton, un- 
published data). Restriction enzymes were from New En- 
gland Biolabs. Molecular biological techniques were per- 
formed as described by Sambrook et al. (1989). 

Transformation and Growth of Plants 

Wild- type and mutant sorghum NADP-MDH clones dif- 
fering in kinetic and regulatory properties (Issakidis et al, 
1992, 1994) in either pUC19 or M13 mpl9 were a gift from 
Emmanuelle Issakidis and Myroslawa Miginiae-Maslow 
(Centre National de la Recherche Scientifique, Orsay, 
France). The clones were excised with EcoRI and subcloned 
in the sense orientation into the vector pJ35SN (Landsmann 
et al., 1988) between the CaMV 35S promoter and the nos 
terminator. The constructs were digested with Hindlll, and 
the DNA fragments containing the 35S promoter-sorghum 
NADP-MDH gene-nos terminator were ligated into the 
binary vector pGA470 (An et aL, 1985). This vector contains 
the neomycin phosphotransferase gene nptll driven by the 
nos promoter to confer kanamycin resistance. The NADP- 
MDH sense construct and the nptll gene are transcribed in 



the same direction from the transferred DNA. This will 
prevent the generation of antisense NADP-MDH message 
from the nos promoter of the nptll gene. The constructs 
produced in this way were (a) wtSorg (wild-type sorghum 
cDNA clone), (b) dmNSorg (double N-terminal mutant, 
C64S/C695), (c) dmCSorg (double C-terminal mutant, 
C405A/C417A), and (d) QmSorg (quadruple mutant, 
C64S/C69S/C405A/C417A). Transformation of Flaveria bi- 
dentis using Agrobacterium strain Agll (Lazo et al., 1991) was 
exactly as described by Chitty et al. (1994). Transformants 
were selected on kanamycin and then transferred to the 
greenhouse in pots containing a mixture of 50% (v/v) 
compost, 50% (v/v) perlite. The plants were initially hard- 
ened off under a 50% shade cloth for 2 weeks, and then 
transferred to full sunlight. The temperature was main- 
tained at 29°C during the day and 21°C at night. Fertiliza- 
tion was with both a slow-release fertilizer (Osmocote, 
Scotts Australia, Castle Hill, Australia) and daily with a 
liquid fertilizer, Hoagland no. 2 (Hewitt, 1966). Cuttings 
were propagated using rooting powder (Rootex-P, Bass 
Laboratories, Bayswater, Australia). Plants were grown for 
2 to 4 months, and enzymatic and physiological analyses 
were performed on the youngest, fully expanded leaves 
taken from plants before the onset of flowering. 

Confirmation of Transformation 

Activity of neomycin phosphotransferase in leaf discs of 
F. bidentis was measured using the extraction method and 
dot blot assay described by McDonnell et al. (1987). The 
presence of the sorghum NADP-MDH gene insert was 
confirmed by PCR analysis of genomic DNA isolated from 
leaf material as described by Shure et al. (1983). The oligo- 
nucleotide primers used in PCR reactions were NOSSEQ4 
(complementary to a region in the nos terminator) and 
TRANSCONF1 (identical to a sequence at the 3' end of the 
coding region of the sorghum gene). The sequences of these 
primers were CGCAACCTTCCGGCGTTCGTG and 
TAGCGGATGCTATTAAATCC, respectively. These prim- 
ers amplify a region of about 500 bp from DNA samples 
containing any of the four sorghum NADP-MDH gene 
constructs but not from untransformed F. bidentis DNA. 
PCR reactions used about 1 jug of genomic DNA per 20 jxL 
of reaction volume, with an annealing temperature of 50°C. 
Thirty cycles in a capillary thermal cycler (model FTS1, 
Corbett Research, Sydney, Australia) were performed. 

Enzyme Extraction and Assays 

NADP-MDH was extracted from fresh leaf tissue by 
grinding with 4 to 10 volumes of ice-cold extraction buffer 
A (25 m M Hepes [K+], pH 7.5, 10 mM MgS0 4 , 1 mM 
Na 2 EDTA, 5 mM DTT, 1 mM PMSF, 5% [w/v] insoluble 
PVP, and 0.05% [v/v] Triton X-100) with a small amount of 
quartz sand in a 1.5-mL microfuge tube. The enzyme was 
also extracted from leaf tissue that had been frozen in N 2(l) 
and stored at -80°C by first precooling the microfuge tube 
containing the sample in N 2(1) and then adding extraction 
buffer A. The tissue was then ground with sand as the 
extraction buffer thawed. In either case an aliquot was 



NADP-Malate Dehydrogenase and C 4 Photosynthesis 



1155 



removed for chlorophyll analysis and the extract then cen- 
trifuged for 5 min (14,000g, 4°C) to remove insoluble ma- 
terial. The supernatant was retained for measurements of 
NADP-MDH activity. The enzyme was routinely activated 
by incubating with approximately 1 jxg of E. coli thiore- 
doxin in 25 mM Hepes (K + ), pH 7.5, 1 mM Na 2 EDTA, 500 
mM KC1, 20 mM DTT, and 0.01% (v/v) Triton X-100 for 30 
min at 30°C. Alternatively, the enzyme was activated by 
incubating with 40 mM Tricine (K*), pH 9, 0.4 mM 
Na 2 EDTA, 120 mM KG, 100 mM DTT, and 0.0025% (v/v) 
Triton X-100 for 2 h at 25°C. NADP-MDH activity was 
measured spectrophotometrically essentially as described 
by Ashton et al. (1990), except that 150 mM KC1 was in- 
cluded in the assay buffer. 

Other photosynthetic enzymes were measured in leaf 
samples extracted in ice-cold buffer A plus 1 mg/mL BSA, 
2 mM MnCl 2 , and 20 ptg/mL pyridoxal P. Protease inhibi- 
tors, benzamidine (0.5 mM), and £-amino caproic acid (2.5 
mM) were also included in the extraction buffer for the 
measurement of Rubisco. PPDK was measured in extracts 
made from illuminated leaves stored at room temperature. 
Enzymes were assayed as described by Ashton et al. (1990) 
and Leegood (1990), except for Rubisco, which was mea- 
sured by following the incorporation of H 14 C0 3 ~ into acid- 
stable products, as described by Furbank et al. (1996). 
NAD-MDH was assayed in 25 mM Hepes (K + ), pH 7.5, 0.5 
mM Na 2 EDTA, 0.2 mM NADH, and 0.5 mM OAA. 

Light Activation of NADP-MDH in Attached Leaves 

We measured the maximum activation state of NADP- 
MDH by first darkening plants for 1 h to completely oxi- 
dize and inactivate the enzyme. While still attached to the 
plant, a leaf was then placed at 1200 jwmol photons m~ 2 s" 1 
for 15 min. Illumination was from a 150-W incandescent 
lamp with a 2-cm water filter. A small (0.35 cm 2 ) leaf disc 
was then removed and ground, together with quartz sand, 
in 25 volumes of ice-cold extraction buffer B (25 mM Hepes 
[K + ], pH 6.5, 10 mM MgS0 4 , 1 mM Na 2 EGTA, 5 mM DTT, 
1 mM PMSF, 5% [w/v] insoluble PVP, and 0.05% [v/v] 
Triton X-100). An aliquot was removed for chlorophyll 
measurement, the sample was centrifuged, and NADP- 
MDH was assayed as described above. The enzyme was 
then fully activated with E. coli thioredoxin and assayed 
again. 

We also examined the response of activation state to a 
gradual increase in light intensity by first illuminating an 
attached leaf at low light (100 /u,mol photons m~ 2 s -1 ) for 
15 min, removing a small leaf disc, and assaying for NADP- 
MDH as described above. The incident light on the leaf was 
then increased to 200 /xmol photons m~ 2 s" 1 for 15 min, 
and NADP-MDH activity was measured in another leaf 
disc. The light was gradually increased up to 1600 jLimol 
photons m~ 2 s" 1 in this manner, with leaf discs being 
removed and NADP-MDH being assayed at each intensity. 

Measurement of NADP-MDH in Bundle-Sheath 
Ceil Strands 

Plants were placed in the dark for up to 48 h to deplete 
starch, and then put in full sunlight for 1 h prior to har- 



vesting. About 5 g of deribbed plant material was blended 
with 70 mL of ice-cold buffer C (0.3 m sorbitol, 20 mM 
Hepes [K + ], pH 7.7, 2 mM Na 2 EDTA, 2 mM isoascorbate, 2 
mM Na 2 HP0 4 , and 1 mM PMSF) in a mixer (Omnimixer, 
Sorvall), as described by Meister et al. (1996), to prepare 
bundle-sheath cell strands for O z -exchange measurements. 
A filtrate enriched in mesophyll cell contents was obtained 
from a portion of the leaf extract after the first blend (10 s 
at 60% of line voltage) by filtration through an 80-um nylon 
net. Samples of the whole leaf extract were taken after the 
final blending. Bundle-sheath cell strands were resus- 
pended in 10 to 15 mL of buffer D (0.3 M sorbitol, 20 mM 
Hepes [K + ], pH 7.7, 10 mM KC1, 1 mM Na 2 EDTA, and 0.5 
mM Na 2 HP0 4 ). DTT (10 mM) and Triton X-100 (0.1%, v/v) 
were added to all three fractions, which were then ex- 
tracted in a ground-glass pestle and tube Duall tissue 
grinder (Kontes Glass Co., Vineland, NJ) and used for 
measurement of enzymes and chlorophyll. The extent of 
cross-contamination of cell contents was followed with the 
use of marker enzymes (NADP-malic enzyme and PEPCX) 
and by microscopic examination. 

0 2 -Exchange Measurements of Isolated Bundle-Sheath 
Cell Strands 

Bundle-sheath cell strands prepared as described above 
were immediately added to an 0 2 electrode (Rank Broth- 
ers, Cambridge, UK), and 0 2 -exchange properties were 
measured at 25°C as described by Meister et al. (1996). The 
concentrations of substrates used were as follows: 
NaHCOy 10 mM; PGA, 5 mM; Asp, 12.5 mM; 20G, 12.5 mM; 
and malate, 12.5 mM. 

Chlorophyll Determinations 

Chlorophyll was measured in 80% (v/v) acetone, as de- 
scribed by Porra et al. (1989). 

Photosynthesis Measurements 

Photosynthesis rates of attached leaves were measured at 
25°C using a portable IR gas analyzer with a clamp-on leaf 
chamber (model LCA-2, ADC, Hoddesdon, UK). Illumina- 
tion was from a 150-W incandescent lamp with a 2-cm 
water filter. 

RESULTS AND DISCUSSION 

Reliability of NADP-MDH Extraction and Assay 

We confirmed that our extraction and assay methods for 
NADP-MDH from leaves of f. bidentis are reliable as fol- 
lows. First, m two experiments, the recovery of sorghum 
NADP-MDH from a mixture of F. bidentis and sorghum leaf 
tissue was 87 and 105%. Second, NADP-MDH activity was 
completely recovered from leaf samples frozen and stored 
at —80°C for at least 24 d. In addition, activity was com- 
pletely recovered even if the samples were thawed and 
allowed to stand at 25°C for 5 min before extraction. Third, 
activation of the enzyme by E. coli thioredoxin was essen- 
tially complete after 5 min at 30°C, with negligible loss of 
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activity over the next 55 min. We included Triton X-100 in 
the activation buffer to stabilize the reduced form of the 
enzyme (Hatch and Agostino, 1992). Fourth, the concentra- 
tion of each component of the spectrophotometric activity 
assay was optimized to measure maximum activity. Al- 
though the rate could be increased by about 20% by using 
100 mM Pi rather than 150 mM KC1 in the assay buffer, this 
concentration of Pi is much higher than what we expected 
to find in the chloroplast. Together, these results allow us 
to be confident that our measurements of maximum activ- 
ity made in a crude extract accurately represent the maxi- 
mum activity of the enzyme in vivo. 

NADP-MDH Activity in Primary Transformants 

F. bidentis was transformed with full-length sense con- 
structs containing either the wild-type or mutant forms of 
the sorghum NADP-MDH cDNA clone (Issakidis et al., 
1992, 1994) flanked by the CaMV 35S promoter and the nos 
terminator. The dmNSorg and dmCSorg enzymes are both 
largely inactive when oxidized. The dmNSorg form is more 
readily reduced by thioredoxin in vitro than the wild-type 
enzyme, whereas the reductive activation of the dmCSorg 
form, unlike that of the wild-type enzyme, is not inhibited 
by NADP. The QmSorg enzyme cannot form disulfide 
bonds and is therefore active even under oxidizing condi- 
tions. In total, 17 transformation experiments, each with 
about 150 explants, were performed. Forty-one neomycin 
phosphotransferase-positive plants from different calli 
were assayed for maximum catalytic activity of NADP- 
MDH (Fig. 1). We were unable to detect any sorghum 



NADP-MDH protein in six transformed plants with the 
highest NADP-MDH activity by immunoblotting using an- 
tibodies specific to the sorghum enzyme (not shown). In 21 
of these primary transformants NADP-MDH activity was 
less than 50% of that in untransformed plants. There was 
apparently no difference between the four constructs in the 
frequency of transformants with reduced activity. 

The reason we failed to identify transformants express- 
ing sorghum NADP-MDH is uncertain. All four of the 
clones produce functional protein when expressed in E. coU 
(Issakidis et ah, 1992; 1994), and tobacco plants trans- 
formed with the wild-type clone correctly target and pro- 
cess the sorghum enzyme (Gallardo et al., 1995). We have 
also transformed tobacco with wild-type and mutant 
clones and looked for expression by immunoblotting with 
antibodies specific for sorghum NADP-MDH. Although 
we could detect a low-level expression of sorghum NADP- 
MDH in tobacco transformed with wtSorg or dmCSorg, we 
could not identify any sorghum protein in plants trans- 
formed with dmNsorg or QmSorg (not shown). We have 
examined the possibility that the lack of expression could 
be due to cloning artifacts by determining the nucleotide 
sequence at the junction of the 3' end of the CaMV 35S 
promoter and the 5' end of the NADP-MDH coding se 
quence in each of these four constructs. In two of them, 
dmNSorg and QmSorg, there is an upstream, out-of-frame 
ATG translation initiation codon, whereas no upstream 
ATG codons were present in the other constructs (not 
shown). Although the presence of this extra ATG could 
presumably reduce the efficiency of translation of func- 
tional enzyme from dmNSorg and QmSorg (Rogers et ah, 



Figure 1. NADP-MDH activities in primary 
transformants. F. bidentis plants transformed 
with constructs designed to overexpress sor- 
ghum NADP-MDH were grown in soil in the 
greenhouse. The activity of NADP-MDH was 
measured in leaf discs taken from the youngest, 
fully expanded leaves of these plants. Activities 
are mean ± se (n ^ 2) of measurements made on 
different leaves from an individual plant, chl, 
Chlorophyll. 




Transformant 
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1985), it does not explain the apparent lack of expression 
from all four constructs. 

As shown in Figure 1, the majority of F. bidentis trans- 
formants actually have decreased activity of NADP-MDH, 
presumably due to cosense suppression of gene expression 
(Jorgensen, 1991; Flavell, 1994). This phenomenon was first 
reported for chalcone synthase in petunia (Napoli et al., 
1990; van der Krol et al., 1990), and there have since been 
many other examples reported in the literature (e.g. Van- 
lerberghe et al., 1994; Brusslan and Tobin, 1995; Paul et al., 
1995; Flipse et al., 1996). Three nonmutually exclusive 
mechanisms have been proposed to explain the occurrence 
of cosense suppression: (a) alterations in chromatin struc- 
ture, (b) changes in methylation of promoter sequences, 
and (c) pos transcriptional mechanism(s) resulting in the 
degradation of both introduced and endogenous mRNA 
(Flavell, 1994). We do not have evidence for any one of 
these particular mechanisms being involved in the sup- 
pression of NADP-MDH activity in transformed F. bidentis. 
We suggest that cosense suppression of gene expression is 
responsible for our inability to detect expression of the 
sorghum NADP-MDH protein. 

Initial Characterization of Reduced-Activity Plants 

T 0 transgenic plants were allowed to self-fertilize and 
produce seed. The biochemical and physiological analyses 
described in the following sections were performed on T\ 
plants germinated from this seed. We identified some 
transgenic plants in which the activity of NADP-MDH 
varied significantly between different portions of an indi- 
vidual leaf. This was seen in plants transformed either with 
the sorghum gene constructs or with homologous antisense 
constructs (S.J. Trevanion, R.T. Furbank, A.R. Ashton, un- 
published data). Since uneven expression of NADP-MDH 
would significantly complicate analysis of these plants, we 
analyzed plants in which we were unable to detect this 
phenotype. A further important consideration when ana- 
lyzing transgenic plants is to confirm that the reduced 



expression of the target gene has not affected expression of 
other photosynthetic enzymes. For example, undesirable 
alterations in gene expression could occur from the inser- 
tion of the transgene into either the regulatory or the 
coding sections of an endogenous gene. In addition, reduc- 
ing the activity of the target enzyme could in itself alter the 
expression of other genes (e.g. Hudson et al., 1992) by as 
yet undefined mechanisms. We have addressed these pos- 
sibilities by initially characterizing Tj plants from three 
independent lines: 12-7-20, 22-1-6, and 22-8-1. PCR anal- 
ysis of genomic DNA from each of these individuals con- 
firmed that they are transformed with the sorghum NADP- 
MDH gene. No comparable DNA fragment was detected in 
untransformed plants. We measured the activities of a 
range of enzymes involved in both the C 4 cycle and pho- 
tosynthetic carbon reduction cycle enzymes (Table I). In 
each of the transgenic lines the activity of NADP-MDH was 
less than 25% of that in untransformed plants. There were 
slight variations in the activities of some other enzymes 
between the different lines, but we did not observe any 
consistent trend in these differences. Although the mea- 
sured activities of Rubisco were low in both untransformed 
and reduced-activity plants, this was presumably due to 
problems with extraction and /or activation of the enzyme. 
Of course, we cannot exclude the possibility that the activ- 
ity of another, unassayed enzyme may also be affected, 
but we can be reasonably confident that we are working 
with plants that have a specific change in the amount of 
NADP-MDH. 

The decrease in NADP-MDH activity was sometimes 
accompanied by a decrease in chlorophyll content. There 
was no change in the chlorophyll a to chlorophyll b ratio in 
any of the reduced activity plants. The plant with reduced 
chlorophyll (12-7-20) was characterized by a decrease in 
growth rate, whereas plants with normal levels of chloro- 
phyll (22-1-6 and 22-8-1) had apparently normal growth 
rates (not shown). An association between reduced enzyme 
activity, chlorophyll content, and growth rate has previ- 
ously been observed in tobacco (Hudson et al., 1992) and F. 



Table I. Enzyme activities in untransformed and transformed F. bidentis 

Activities of C 3 and C 4 enzymes were measured in the youngest, fully expanded leaves of both 
untransformed and individual plants transformed with the plasmid pBQmsorg (12-7-70) or pBdmN- 
sorg (22-1-6 and 22-8-1). Activities are mean ± se (n > 3). 

Activity 

Enzyme — — 

Wild type 1 2-7-20 22-1-6 22-8-1 

ixmol min~ 1 mg~ ' chlorophyll 



PPDK 


2.9 




0.3 


2.9 




0.04 


3.4 


± 


0.2 


2.6 


± 


0.5 


PEPCX 


21 




3 


21 


± 


3 


20 


± 


2 


36 


± 


9 


NAD-MDH 


61 




3 


63 




5 


74 




6 


97 


+ 


1 


NADP-ME 


7.5 




0.4 


9.2 




0.3 


8.6 




0.5 


10 




1 


Asp aminotransferase 


10 




1 


14 




1 


7.5 




0.3 


11 




0.2 


Ala aminotransferase 


20 


■+ 


7 


25 


■+■ 


2 


16 




0.7 


18 




0.6 


NADP-MDH 


25 




1 


2.1 




0.5 


4.2 




0.7 


4.5 




0.8 


Rubisco 


1.8 


4- 


0.04 


3.4 




0.4 


2.3 




0.1 


2.7 




0.1 


Phosphoglycerate kinase 


20 


+ 


2 


24 


-4- 


2 


24 


+ 


2 


28 




5 


Phosphorj'bufokinase 


27 




1 


29 


-+- 


4 


24 




0.7 


56 




3 


Chlorophyll (mg m" a ) 


535 




29 


323 




10 


685 




39 


460 


± 


22 


Chlorophyll a:Chlorophyll b 


4.6 


± 


0.2 


4.6 


± 


0.2 


4.7 


± 


0.1 


4.7 


± 


0.1 
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bidentis (Furbank et al., 1996) with decreased levels of 
Rubisco, in tobacco with reduced Rubisco activase (Mate et 
al v 1993), and in F. bidentis with decreased PPDK (R.T. 
Furbank, unpublished data). 

Response of Photosynthesis to Changes in Light Intensity 

We examined the response of photosynthesis to changes 
in light intensity at saturating concentrations of C0 2 (>400 
/jlL L" 1 ) for untransformed F. bidentis and a reduced- 
activity plant from each of the lines (Fig. 2). At the maxi- 
mum light intensity available using our system (1250 /-unol 
photons m" 2 s^ 1 ), photosynthesis of the untransformed 
plant was about 5.5 /utmol min" 1 mg" 1 chlorophyll. The 
maximum rate of photosynthesis of each of the reduced- 
activity plants was less than this, although the actual rate 
varied considerably between the different plants. This de- 
crease in photosynthesis reflects a limitation imposed by 
the severe decrease in NADP-MDH activity in these plants 
(see below). There were also differences between the un- 
transformed and the reduced -activity plants in the light 
intensity required to saturate photosynthesis. The untrans- 
formed plant showed a typical response for a C 4 plant, with 
a doubling of the rate of photosynthesis when the light was 
increased from 500 to 1250 /imol photons m~ 2 s -1 . How- 
ever, photosynthesis of two of the reduced-activity plants 
(12-7-20 and 22-8-1) was saturated at about 500 u-mol 
photons m~ 2 s -1 , and the other plant (22-1-6) showed only 
a slight increase in rate at higher light intensities. NADP- 
MDH activities in these lines were 12, 18, and 17% of 
normal, respectively. The similar behavior of three differ- 
ent transgenic lines further confirms that we are dealing 




0 250 500 750 1000 1250 

Light Intensity (pmol photons m" 2 s' 1 ) 



Figure 2, Light-response curve of untransformed and reduced- 
activity plants. Photosynthesis of attached leaves from untransformed 
and reduced-activity plants were measured at different light intensi- 
ties using IR gas analysis. The [C0 2 j was between 400 and 500 /xL 
L~\ Results are mean £ se of measurements made on different leaves 
from an individual plant. Untransformed (n = 4), NADP-MDH = 
30 £ 3 jimol min" 1 mg" 1 chlorophyll; ■, 12-7-20 (n = 3), NADP- 
MDH = 3.9 £ 0.5 nmoi min -1 mg"' chlorophyll; Y, 22-1-6 (n = 
2), NADP-MDH = 7.7 £ 3.4 jxmol min' 1 mg" 1 chlorophyll; ♦, 
22-8-1 (n = 2), NADP-MDH = 4.0 £ 1.1 jumol min" 1 mg -1 
chlorophyll (Chi). 




CO a concentration (pL L~ 1 ) 

Figure 3. C0 2 -response curve of untransformed and reduced- 
activity plants. Photosynthesis of attached leaves from an untrans- 
formed and a reduced-activity plant (12-7-20) were measured at 
different CO z concentrations using IR gas analysis. Results shown are 
from a single experiment. Light intensity was 1150 /xmol photons 
m~ 2 s" 1 . m, Untransformed, NADP-MDH = 20 jxmol min"" 1 mg" 1 
chlorophyll; ■ 12-7-20, NADP-MDH - 3.2 jxmol min" 1 mg" 1 
chlorophyll (Chi). 

with transgenic plants that have a specific change in the 
activity of NADP-MDH. 

Unlike the situation at high light, the response of photo- 
synthesis to changes in light intensity below 250 /xmol 
photons m~ 2 s" 1 was identical in the untransformed plant 
and in the three reduced-activity plants. This strongly im- 
plies that the quantum yield of photosynthesis was unaf- 
fected in these plants and supports the idea that photosyn- 
thesis in C 4 plants is limited by the regeneration of either 
PEP or ribulose bisphosphate (Collatz et al., 1992). 

Response of Photosynthesis to Changes in [C0 2 ] 

The typical response of photosynthesis to changes in 
[C0 2 ] in an untransformed and a reduced-activity plant 
(12-7-20) are shown in Figure 3. These experiments were 
done at a light intensity of 1150 im\o\ photons m~ 2 s~\ 
Compared with the untransformed plant, 12-7-20 had a 
much lower rate of photosynthesis at saturating [C0 2 ]. The 
[C0 2 ] required to saturate photosynthesis was also de- 
creased, from about 400 jtL L" 1 in the untransformed plant 
to about 150 /il IT 1 in 12-7-20. There was no difference in 
the response of photosynthetic rate of the two plants to 
changes in [C0 2 ] between 0 and 150 ju-L L" 1 . This is not 
surprising given that the response of photosynthesis to 
[C0 2 ] in C 4 plants is thought to be largely determined by 
the activity and kinetic properties of PEPCX (Edwards and 
Walker, 1983). 

Activation State of NADP-MDH 

The activation state of maize NADP-MDH is dependent 
on the redox state of thioredoxin m, and on the NADPH/ 
NADP ratio (Ashton and Hatch, 1983b). Slight changes in 
either of these parameters may have large consequences for 
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Table II. Activation state of NADP-MDH in untrans formed and 
reduced-activity plants 



The activation state of NADP-MDH was measured in leaves of 
untransformed and reduced-activity plants illuminated at 1200 ptmol 
photons nT 2 s" 1 for 15 min. Results are mean ± se (n = 3). 



Plant 




Activity 


Activation 
State 




/xmo/ 


% of 


% 




min - ' mg~' 


untransformed 






chlorophyll 






Untransformed 


32 ± 10 


100 


52 ± 7 


12-7-7 


16 ± 3 


51 


44 ±7 


1 2-7-20 


3.3 ± 0.2 


10 


107 ± 6 



the activation state of the enzyme. Assuming that the F. 
bidentis enzyme behaves similarly to the maize enzyme, 
two observations suggest that the activation state of 
NADP-MDH might differ between the untransformed and 
the reduced-activity plants. First, since the maximum rate 
of photosynthesis is reduced in transgenic plants, this will 
affect the rate of chloroplast electron transport and the 
consumption of reducing power by the reactions of the 
photosynthetic reduction carbon cycle. This could poten- 
tially lead to changes in both the NADPH/NADP ratio and 
the redox state of thioredoxin m. Second, since NADPH is 
a substrate and NADP is a product of the NADP-MDH 
reaction, changes in the activity of the enzyme could itself 
alter the NADPH/NADP ratio. 

This possibility of changes in activation state is of par- 
ticular significance for measurements of the metabolic flux 
control coefficient of NADP-MDH (see below). Therefore, 
we measured the activation state of NADP-MDH in differ- 
ent transgenic lines at a range of light intensities. The 
activation state is expressed as the activity of the unacti- 
vated enzyme as a percentage of that of the thioredoxin- 
activated enzyme. We first confirmed that the extraction 
method used did not alter the activation state of either the 
inactivated or activated enzyme by extracting NADP-MDH 
from leaves either predarkened for 1 h, or predarkened and 
then illuminated at 800 u.mol photons m _2 s _1 forl5 min, 
respectively, and following the activity of the extracted 
enzyme over time (not shown). Next, we measured the 
maximum activation state of the enzyme by illuminating 
attached leaves at 1200 p,mol photons m~ 2 s" 1 for 15 min 
(Table II). This period was sufficient for the activation state 
to reach steady state (not shown). The enzymes from either 
an untransformed plant or a transgenic plant with 50% of 
normal activity (12-7-7) were only activated to about 50% 
by this treatment. However, the enzyme from 12-7-20 (10% 
of normal activity) was completely activated under these 
conditions. 

We also examined the response of the activation state of 
the enzyme to step-wise changes in light intensity in an 
untransformed plant and in 12-7-20. This was done by first 
predarkening the plant and then illuminating an attached 
leaf at sequentially higher light intensities. The activity in 
darkened extracts was 0.19 ± 0.04 jumol min -1 mg" 1 chlo- 
rophyll from untransformed leaves (n ~ 5), and 0.12 ± 0.05 
fimol min' 1 mg" 1 chlorophyll from 12-7-20 (n = 3). These 



equate to activation states of 0.46 ± 0.04% and 5.0 ± 2.3%, 
respectively, demonstrating the effectiveness of the cova- 
lent modification in inactivating the F. bidentis enzyme. The 
results of changes in light intensity on activation state in 
one experiment are shown in Figure 4. For the enzyme 
extracted from the untransformed plant, the highest acti- 
vation state of NADP-MDH achieved (only 50% of maxi- 
mum) was reached at a light intensity of about 800 /lutioI 
photons m~ 2 s~\ However, 100% activation of the enzyme 
from 12-7-20 was observed at a much lower light intensity, 
about 200 /xmol photons m" 2 s" 1 . The slight decrease in the 
activation state of enzyme extracted from untransformed 
leaves illuminated at 1600 pimol photons m~ 2 s" 1 was 
observed on each of the three occasions this experiment 
was performed. The significance of this is not clear. Al- 
though we did not measure photosynthesis at such high 
light intensities, Furbank et al. (1996) did not see any 
decline in the rate of C0 2 fixation in untransformed plants 
when the light intensity was increased from 1100 to 1800 
/xmol photons m -2 s~ l . 

Compared with measurements of photosynthetic rates 
(Fig. 2), these results suggest that regulation of the activa- 
tion state of NADP-MDH plays a role in maintaining rates 
of photosynthesis in the reduced activity plants. Figure 5, a 
and b, shows the relationship between actual activity of the 
enzyme (i.e. activation state X maximum activity) and 
photosynthesis in untransformed and reduced-activity 
plants, respectively. As expected, the activity of NADP- 
MDH in both plants is in excess of the rate of photosyn- 
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Figure 4. Activation state of NADP-MDH in untransformed and 
reduced-activity (1 2-7-20) plants. Plants were placed in the dark for 
1 h to completely inactivate NADP-MDH. Individual leaves, still 
attached to the plant, were then illuminated at 100 nmo\ photons 
m~ 2 s~ 1 for 15 min, and the activation state of NADP-MDH was 
measured in a small disc. The light intensity was then sequentially 
increased to 1600 /xmol photons m" 2 s~\ and the activation state of 
NADP-MDH was measured after 1 5 min of illumination of the leaf at 
each light intensity. All measurements were made on a single leaf 
from each plant. The results shown are from a single experiment. 
Untransformed, NADP-MDH = 52 ± 2 /xmol mirT 1 mg 1 chloro- 
phyll; ■, 12-7-20, NADP-MDH - 2.9 ± 0.2 ptmol mm'' mg ' 
chlorophyll. 
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Figure 5. Relationship between activity of NADP-MDH and rate of 
photosynthesis in untransformed and reduced-activity (12-7-20) 
plants. Activity of NADP-MDH was calculated by multiplying the 
maximum catalytic activity of the enzyme in leaves used for mea- 
surements of photosynthesis rates (Fig. 2) by the activation state of the 
enzyme in leaves from identical plants {Fig. 4). O, Photosynthesis 
rates; □, NADP-MDH activities; activity of NADP-MDH in the 
reduced-activity plant, assuming that the activation state is equal to 
that in the untransformed plant, a, Untransformed; b, 12-7-20. Chi, 
Chlorophyll. 



thesis. However, Figure 5b also shows that in the absence 
of the increase in activation state of the enzyme in the 
reduced-activity plants, there would be insufficient activity 
of NADP-MDH to maintain the observed rates of photo- 
synthesis. 

Changes in the activation state o/ the enzyme are most 
readily explained by differences in the NADPH/NADP 
ratio and/ or the redox state of thioredoxin m between the 
different lines. Indeed, it is hard to imagine the redox state 
of the thioredoxin pool not changing when the redox state 
of the NADPH/NADP pool changes and vice versa be- 
cause of the multiple connections between the pools. Both 
are reversibly reduced by Fd, and NADPH can reduce 
some chloroplast thiols via glutathione reductase, thus to 
some extent influencing the rate of oxidation of the thiore- 
doxin pool. Of the connections between the thioredoxin 
pool and the NADPH/NADP pool NADP-MDH may itself 
be most important, since altering the redox state of thiore- 
doxin will alter NADP-MDH activity and thus the rate of 
consumption of NADPH. Chlorophyll fluorescence mea- 
surements can be used to monitor the redox state of some 



chloroplast components. Furbank (1988) found in experi- 
ments with isolated maize mesophyll chloroplasts that the 
redox state of the primary electron-accepting plastoqui- 
none of PSII was considerably more oxidized when the 
chloroplasts were reducing OAA than in the absence of an 
electron acceptor. However, measurements of chlorophyll 
fluorescence quenching of untransformed and reduced- 
activity plants did not reveal any significant difference in 
either the effective quantum yield of PSII (a measure of the 
redox state of the primary electron-accepting plastoqui- 
none of PSII) (Genty et al., 1989) or nonphotochemical 
quenching of chlorophyll fluorescence (not shown). This 
suggests that untransformed and reduced-activity plants 
do not differ greatly in the redox state of the chloroplast 
electron transport chain, the photoprotective function of 
PSII, or thylakoid pH, or, alternatively, that any changes of 
redox state in the reduced-activity plants are not as ex- 
treme as the differences occurring in isolated chloroplasts 
in the presence and absence of an electron acceptor such as 
OAA. 

Because the activation state of NADP-MDH depends on 
the redox states of both the thioredoxin pool and the 
NADP(H) poo! (Ashton and Hatch, 1983b; Rebeille and 
Hatch, 1986), and the interaction between these two regu- 
lators seems to be synergistic, it may be that small changes 
in both are sufficient to achieve the changes in NADP- 
MDH activation state seen in the transformed plants. Al- 
though it would be interesting to measure the redox state 
of the NADP(H) pool in the transformed and untrans- 
formed plants, such an experiment would be technically 
demanding, since we would need to distinguish the chlo- 
roplastic from the cytoplasmic pools, the mesophyll from 
the bundle-sheath pools, and, most difficult of all, the 
bound from the free pool. 

NADP-MDH Activities in Isolated Bundle-Sheath 
Cell Strands 

Unlike C 4 monocot grasses, F.- bidentis contains signifi- 
cant NADP-MDH activity in the bundle-sheath cell chlo- 
roplast (Meister et al., 1996). The effectiveness of cosense 
suppression of NADP-MDH in each of these compartments 
will depend on the sequence similarity between the trans- 
gene and the endogenous gene. Although we do not have 
any direct evidence for NADP-MDH gene copy number in 
F. bidentis, there is only one gene for NADP-MDH in the 
range of C 3 , C 3 -C 4 , and C 4 species of the genus Flaveria 
(McGonigle and Nelson, 1995). There are two genes for 
NADP-MDH in sorghum (Luchetta et al, 1991), but only 
one of these is light-regulated and expressed to a high 
level. It is therefore highly probable that there is only one 
gene encoding NADP-MDH in F. bidentis, which is ex- 
pressed in both the bundle-sheath cells and the mesophyll 
cells. In this situation cosense suppression should be 
equally effective in both compartments. However, if the 
mechanism of cosense suppression in these plants involves 
posttranscriptional degradation of mRNA, then its effec- 
tiveness will also depend on the abundance of the trans- 
gene and the endogenous gene transcripts (Lindbo et al., 
1993). If these differ between the bundle sheath and the 
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mesophyll, then the degree to which gene expression is 
suppressed could vary between the two compartments. 
This would obviously have important consequences for 
our interpretation of the analysis of these plants. Although 
the relative levels of expression of the CaMV 35S promoter 
appear to be similar in both compartments (Chitty et al v 
1994), they have not been accurately quantified. It is there- 
fore possible that the levels of sorghum transcript could 
vary between the two cell types. In addition, since the 
amounts of NADP-MDH protein in the two compartments 
are very different, it is probable that the levels of endoge- 
nous mRNA also differ widely between the cell types 
(McGonigle and Nelson, 1995). 

Therefore, we have examined the extent of cosense sup- 
pression in each cell type by measuring NADP-MDH ac- 
tivity in bundle-sheath cell strands and mesophyll cell- 
enriched fractions prepared from plants differing in total 
activity of NADP-MDH. We initially confirmed that we can 
routinely activate NADP-MDH from different compart- 
ments using E. coli thioredoxin by activating the enzyme 
from the whole leaf or from mesophyll-enriched and puri- 
fied bundle-sheath cell strands prepared from untrans- 
formed and reduced activity (12-7-20) plants. In each case 
the maximum activity of NADP-MDH was the same 
whether activation of the enzyme was with E. coli thiore- 
doxin or with high pH (not shown). The distribution of 
enzymes between mesophyll and bundle-sheath cells was 
then determined by measuring the maximum activities of 
NADP-MDH and marker enzymes in each of these frac- 
tions (Table III). Untransformed plants had about 2.4 jmnol 
min -1 mg" 1 chlorophyll NADP-MDH in the bundle-sheath 
cells. This is considerably less than the 11 uxnol min" 1 
mg" 1 chlorophyll reported by Meister et al. (1996), but is 
nonetheless a significant activity. In reduced-activity 
plants, the activity of the bundle-sheath cell NADP-MDH 
was much reduced, about 0.12 /xmol muT 1 mg -1 chloro- 
phyll. When expressed as a percentage, 12-7-20 had 9% of 
normal activity in mesophyll cell-enriched fractions, and 
5% in bundle-sheath cell strands, demonstrating that co- 



Table III. Enzyme activities in bundle-sheath and mesophyll cell 
fractions from untransformed and transformed F. bidentis 

Activities of NADP-MDH and the marker enzymes PEPCX and 
NADP-malic enzyme were measured in whole-leaf extracts, and in 
mesophyll-enriched and purified bundle-sheath cell strands prepared 
from both untransformed and reduced-activity plants. Activities are 
mean ± se in = 3). 



Activity 



Fraction 



PEPCX 



NADP-malic 
enzyme 



NADP-MDH 









fLjnol min~ 1 


mg 1 chlorophyll 




Untransformed 
















Whole leaf 


9.0 




3.4 


8.7 


± 2.3 


21 ± 


5 


Mesophyll-enriched 


24 




7 


6.5 


i 0.7 


49 ± 


2 


Bundle sheath 


0.8 


-+- 


0.1 


23 


± 4 


2.4 ± 


1.1 


Reduced 
















Whole leaf 


16 




5 


11 


± 1 


3.6 ± 


1.9 


Mesophy I l-enriched 


30 




6 


7.3 


i 0.4 


4.2 ± 


1.5 


Bundle sheath 


0.9 




0.1 


29 


± 9 


0.12 ± 


0.06 



E 

I 3 

o 

E 

5 2 



C 

>* 

w 
o 
o 



10 



20 



30 



NADP malate dehydrogenase 
(umol mirf 1 mg" 1 Chi) 

Figure 6. Control analysis of NADP-MDH. The rate of photosynthe- 
sis and NADP-MDH activity were measured in leaves of untrans- 
formed plants and 1^ progeny from two reduced-activity lines. 
Closed symbols, Measured at high light (1200 /umol photons m~ 2 
s -1 ); open symbols, measured at low light (150 ^mol photons m~ 2 
s -1 ). The symbols represent single measurements except where error 
bars are shown (mean i se, n > 3). •, Untransformed; line 
12-7-20; ▼, line 22-1-6. Chi, Chlorophyll. 



sense suppression is similarly effective in reducing activity 
of NADP-MDH in both the bundle-sheath and the meso- 
phyll compartments. 

Metabolic Flux Control Analysis of NADP-MDH 

Although the maximum rate of photosynthesis is inhib- 
ited in reduced -activity plants, the decrease was difhcult to 
quantitate due to the variability of the rate between differ- 
ent leaves that was seen for both the untransformed and 
the reduced-activity plants (Fig. 2). We therefore examined 
the relationship between maximum catalytic activity of 
NADP-MDH activity and photosynthesis rate by measur- 
ing these parameters in a large number of T 2 plants with a 
wide range of activities. We used untransformed and 
reduced-activity plants from two lines for this analysis 
(Fig. 6). These data show that at high light, the rate of 
photosynthesis was affected only in plants with a severe 
(less than about 10% of normal) decrease in activity; plants 
with greater than about 10% of normal activity had appar- 
ently normal rates of photosynthesis. When measurements 
were made at low light even plants with the most severe 
reduction in activity had normal rates of photosynthesis. 

The control over the rate of flux through a metabolic 
pathway that is exerted by a particular enzyme can be 
quantified by metabolic flux control analysis (Kacser and 
Burns, 1973). The metabolic flux control coefficient for an 
enzyme (Cj) can be calculated from a graph such as that 
shown in Figure 6, as the slope of the line where activity is 
reduced from 100%. We conclude from our data that even 
under high light, when there is the greatest flux of fixed 
carbon through NADP-MDH, C, for NADP-MDH is low, 
i.e. the enzyme exerts little control over the steady-state 
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rate of photosynthesis. It is only in transformants with a 
large decrease in activity that NADP-MDH becomes limit- 
ing and the maximum rate of photosynthesis is reduced. 
Since the activation state of the enzyme does not change 
until there is a severe decrease in total activity (Table II), 
we can be confident that our measurements of activity in 
untransformed and T a plants with less than a 50% decrease 
in activity are comparable. 

As shown in Table III, cosense suppression of expression 
appears to be equally effective at reducing activity of 
NADP-MDH in the bundle-sheath cell and in the meso- 
phyll cell chloroplast of 12-7-20 (10% of normal activity). It 
is quite probable that T 1 plants with just a slight decrease in 
total activity of NADP-MDH are reduced in both bundle- 
sheath and mesophyll cell NADP-MDH. If this is indeed 
the case, we can conclude that Cj for both bundle-sheath 
and mesophyll enzyme will be low. 



Metabolic Activities of Isolated Bundle-Sheath Cell Strands 

In maize, fixed carbon is transported from the mesophyll 
cells to the bundle-sheath cells largely as malate (Hatch, 
1971). However, from measurements of the metabolic 
properties of bundle-sheath cell strands isolated from F. 
bidentis, and from 14 C0 2 -labeling experiments, Meister et 
al. (1996) suggested that in this plant approximately 35 to 
40% of fixed carbon is transported to the bundle-sheath 
cells as Asp rather than malate. The Asp is transaminated 
to OAA by Asp aminotransferase, which is then reduced to 



malate by bundle-sheath-localized NADP-MDH. As de- 
scribed above, the transgenic plants with low total activity 
of NADP-MDH have extremely low activities of this en- 
zyme in the bundle-sheath cells, and might therefore be 
expected to differ from untransformed plants in the path- 
way of carbon transport between the mesophyll and 
bundle-sheath cells. We have examined the light- 
dependent metabolic activities of isolated bundle-sheath 
cell strands prepared from untransformed and reduced- 
activity plants to investigate this possibility. The results 
from a typical experiment are shown in Table IV. Strands 
isolated from both an untransformed plant and 12-7-20 
showed substantial rates of light-dependent 0 2 evolution 
when supplied with Asp, 20G, PGA, and NaHC0 3 . How- 
ever, strands from the two plants differed in the extent to 
which they could metabolize Asp and 20G alone; whereas 
those from untransformed plants were able to support 
significant rates of 0 2 evolution (about 38% of maximum) 
under these conditions, strands from 12-7-20 could sup- 
port rates of only about 13% of maximum (experiments 1 
and 3). Similarly, whereas the addition of Asp and 20G in 
the presence of PGA and NaHC0 3 stimulated the rate of 0 2 
evolution of untransformed strands, it had no effect on 
metabolism of strands from 12-7-20 (experiments 2 and 4). 
The rate of Asp plus 20G-dependent O z evolution in the 
12-7-20 strands (0.09-0.12 /xmol min~ a mg^ 1 chlorophyll) 
is similar to the maximum activity of NADP-MDH in the 
bundle-sheath cell strands (0.12 u,mol min -1 mg -1 chloro- 
phyll). In untransformed plants the rate of Asp plus 20G- 



Table IV. 0 2 exchange of isolated bundle-sheath cell strands from untransformed and reduced- 
activity plants 

Bundle-sheath cell strands prepared from untransformed or reduced-activity (12-7-20) plants were 
incubated in an 0 2 electrode at 25°C The rate of 0 2 release into the medium in the presence of the 
appropriate substrates was measured. 



Substrate Untransformed 1 2-7-20 





limol min ' mg ' chlorophyll 


% a 


l±moi min 1 mg ' chlorophyll 


/o 


Experiment 1 










+ Light 


0.0 


0 


0.0 


0 


+ Asp + 20C 


0.28 


36 


0.09 


11 


+ PGA 


0.71 


89 


0.63 


80 


+ NaHC0 3 


0.79 


100 


0.79 


100 


Experiment 2 










+ Light 


0.0 


0 


0.0 


0 


+ NaHC0 3 


0.0 


0 


0.18 


17 


+ PGA 


0.79 


92 


1.04 


100 


+ Asp + 20G 


0.86 


100 


1.04 


100 


Experiment 3 










+ Light 


0.0 


0 


0.0 


0 


+ Asp + 20G 


0.30 


39 


0.12 


15 


+ NaHC0 3 


0.36 


48 


0.16 


20 


+ PGA 


0.75 


100 


0.79 


100 


+ Malate 


0.62 


82 


0.64 


81 


Experiment 4 










+ Light 


0,0 


0 


0.0 


0 


+ PGA 


0.57 


72 


0.62 


68 


+ NaHC0 3 


0.71 


90 


0.92 


100 


+ Asp + 20G 


0.79 


100 


0.92 


100 



a Percentage of maximum rate during each experiment. 
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dependent O z evolution (0.3 /xmol muT" 1 mg" 1 chlorophyll) 
was only 12.5% of the maximum NADP-MDH activity. 

These measurements confirm that bundle-sheath cell 
strands isolated from untransformed F. bidentis can sustain 
significant rates of 0 2 evolution with Asp and 20G as 
substrates. In addition, activities of NADP-MDH measured 
in bundle-sheath cells are sufficient to account for about 
50% of the maximum rate of photosynthesis of untrans- 
formed plants, supporting the scheme proposed by Meister 
et aJ. (1996). However, two lines of evidence suggest that 
the pathway of C 4 acid metabolism is altered in the 
reduced-activity plants. First, as described above, bundle- 
sheath cell strands isolated from reduced-activity plants 
can sustain only a low rate of 0 2 evolution with Asp and 
20G as substrates. Second, the activity of NADP-MDH in 
bundle-sheath cell strands prepared from reduced-activity 
plants is extremely low (Table III). Typical activities in 
these strands of 0.12 urnol rmrT 1 mg" 1 chlorophyll would 
be sufficient to catalyze only 6% of the maximum rate of 
photosynthesis of the reduced-activity plants (2 jumol 
min -1 mg" 1 chlorophyll). These results suggest that 
bundle-sheath cell-localized NADP-MDH cannot be es- 
sential for sustaining high rates of photosynthesis in F. 
bidentis. It is likely that F. bidentis is able to adapt to a 
decrease in the amount of bundle-sheath cell NADP-MDH 
by transferring more carbon to this compartment in the 
form of malate, although further experiments are required 
to confirm this. 

The fact that F. bidentis can function reasonably effi- 
ciently with very little NADP-MDH in the bundle-sheath 
ceils implies that the presence of the enzyme in this com- 
partment may represent an intermediate step in the evolu- 
tion of C 4 photosynthesis. There was no increase in the 
chlorophyll a to chlorophyll b ratio in the bundle-sheath 
cell strands of reduced-activity plants (not shown). This 
indicates that, despite the probable shift in the pathway of 
C 4 acid metabolism, the plant does not acclimate by reduc- 
ing activity of PSI1 in the bundle-sheath cells. 



CONCLUDING COMMENTS 

NADP-MDH, either in the mesophyll or in bundle- 
sheath cells, has a low metabolic flux control coefficient for 
photosynthesis in the C 4 plant F. bidentis. Previous work in 
this laboratory has shown that Rubisco partially limits the 
steady-state rate of photosynthesis at moderate to high 
light intensities in F. bidentis (Furbank et ah, 1996) with an 
estimated Cj of 0.4 at 2000 umol photons m~~ 2 s~ l (from 
figure 9 of Furbank et al„ 1996). Another highly regulated 
enzyme, PPDK, contributes to the limitation on photosyn- 
thesis in F. bidentis at high light intensities (Cj approxi- 
mately 0.3-0.4) but not at low light intensities (R.T. Fur- 
bank, J.A. Chitty, C.L.D. Jenkins, SJ. Trevanion, S. von 
Caemmerer, and A.R. Ashton, unpublished data). Mutants 
of Amaranthus edulis, a NAD-malic enzyme-type C 4 plant 
deficient in PEPCX, have been produced by Dever et al. 
(1995). F t heterozygotes with about 50% of normal activity 
appear to grow normally in air, but do have a slightly 
reduced rate of photosynthesis at very high light intensities 



(2000 /jtmol photons m~ 2 s -1 ). However, this decrease is 
only slight, and the plants appear to behave normally at 
lower light. This demonstrates that PEPCX also has very 
little control over the steady-state rate of photosynthesis in 
C 4 plants. Together these observations suggest that signif- 
icant control of the rate of photosynthesis in C 4 plants at 
high light intensities may be shared by Rubisco in the C 3 
cycle and by PPDK in the C 4 cycle. It is also clear that all of 
the limitations on C 4 photosynthesis at high light intensity 
have yet to be identified. 

Since NADP-MDH is a highly regulated enzyme but does 
not limit photosynthesis in F. bidentis, one could ask what is 
the purpose of the complex regulation of the enzyme. One 
role of the covalent regulation may be to switch the enzyme 
off in the dark to limit the potential for transferring reducing 
equivalents into and out of the chloroplast. Another, and 
perhaps more important, role of the covalent regulation may 
be to maintain the NADP pool largely reduced during 
steady-state photosynthesis. This would allow the other 
NADPH-requiring reactions of the chloroplast, such as 
amino acid, lipid, and secondary product biosynthesis, to 
compete for NADPH in the face of the vastly greater cata- 
lytic capacity of the enzymes of photosynthetic C0 2 assim- 
ilation (A.R. Ashton and S.J. Trevanion, unpublished data; 
R.T. Furbank, J.A. Chitty, C.L.D. Jenkins, SJ. Trevanion, S. 
von Caemmerer, and A.R. Ashton, unpublished data). An- 
swers to specific questions regarding the role of the regula- 
tory properties of NADP-MDH might have been provided 
by analysis of plants overexpressing the mutant forms of the 
enzyme. However, in light of the high frequency of cosense 
suppression between the sorghum and F. bidentis enzymes, 
this approach of genetic transformation of the nuclear ge- 
nome is unlikely to be successful. 

A review of the literature shows that the sequence iden- 
tity between an introduced and endogenous gene that is 
required for cosense suppression is not generally docu- 
mented, or even known. Although it has generally been 
assumed that sequences have to be nearly identical to 
observe this phenomenon, the coding region for NADP- 
MDH from F. bidentis, a dicot, has only 71% overall se- 
quence identity with the coding sequence of the clone from 
sorghum, a monocot (S.J. Trevanion and A.R. Ashton, un- 
published data). This observation extends the range of 
combinations of clones that should be considered in at- 
tempts to produce plants with reduced levels of enzymes. 
However, it also stresses the need for choosing widely 
divergent heterologous clones when attempting to overex- 
press enzymes in plant tissues. 
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Transgenic Tobacco Plants Expressing Pea Chloroplast Nmdh 
cDNA in Sense and Antisense Orientation 1 

Effects on NADP-Malate Dehydrogenase Level, Stability of Transformants, and Plant Growth 

Maria Faske, Jan E* Backhausen, Martina Sendker, Marielle Singer-Bayrle, Renate Scheibe, and 

Antje von Schaewen* 

Pflanzenphysiologie, FB 5, Biologie/Chemie, Universitat Osnabruck, D-49069 Osnabruck, Germany 



A full-length cDNA encoding light-activated chloroplast NADP- 
malate dehydrogenase (NADP-MDH) (EC 1.1.1.02) from pea {Pisum 
sativum L.) was introduced in the sense and antisense orientation into 
tobacco (Nicotiana tabacum L). Transgenic plants with decreased or 
increased expression levels were obtained. Because of substantial 
age-dependent differences in individual leaves of a single plant, stan- 
dardization of NADP-MDH levels was required first. Then, extent and 
stability of over- or under-expression of Nmdh, the gene encoding 
NADP-MDH, was characterized in the various transformants. Fre- 
quently, cosuppression effects were observed, indicating sufficient 
homology between the endogenous tobacco and the heterologous 
pea gene. Analysis of the T, and T 2 progeny of a series of independent 
transgenic lines revealed that NADP-MDH capacity ranged between 

10% and 2:1 0-fold compared with the wild type. Under ambient 
conditions whole-plant development, growth period, and fertility 
were unaffected by NADP-MDH reduction to 20% of the wild-type 
level; below this threshold plant growth was retarded. A positive 
growth effect was registered in young plants with stably enhanced 
NADP-MDH levels within a defined developmental window. 



In plants MDHs catalyze the reversible pyridine- 
dinucleotide-dependent interconversion between OAA 
and malate in various cellular compartments. NAD- 
dependent isoforms are present in mitochondria, micro- 
bodies, and the cytosol (Gietl, 1992), whereas chloroplasts 
possess an NADP-dependent enzyme (NADP-MDH, EC 
1.1.1.82) that is subject to posttranslational light /dark mod- 
ulation mediated by the Fd / thioredoxin system (Scheibe, 
1987). 

In contrast to C 4 photosynthesis, in which NADP-MDH 
plays a well-known role in C0 2 prefixation (Edwards et al., 
1985), the function of the enzyme in C 3 plants is less clear, 
since no example of a similar role in carbon assimilation is 
known. Here NADP-MDH probably fulfills other tasks. 
There is evidence that the enzyme is involved in fine- 
tuning of the stromal redox state (Scheibe, 1987; Back- 
hausen et al., 1994) via the so-called "malate valve": the 
controlled reduction of OAA is able to poise the ATP/ 
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NADPH ratio inside the chloroplast when alterations in 
electron use or ATP levels occur, which are caused by 
changes in light intensity or by stomatal opening. A large 
part of the malate formed in the light is due to NADP- 
MDH activity. Mediated by the malate-OAA shuttle, 
malate, and concomitantly reducing equivalents, can be 
transferred from the chloroplasts into the cytosol (Heber, 
1974; Heineke et al., 1991). 

In plant-cell metabolism malate claims a central role for 
various reactions (Lance and Rustin, 1984). The export of 
reducing power into the cytosol is assumed to be involved in 
nitrate assimilation (House and Anderson, 1980; Cham- 
pigny, 1995), to drive mitochondrial respiration (Raghaven- 
dra et al., 1994), and to stabilize the cytosolic pH (Davies, 
1986). Furthermore, malate can be stored in the vacuole 
(Winter et aL, 1994). Together with the anaplerotic C0 2 - 
fixation reaction catalyzed by PEP carboxylase (Melzcr and 
O'Leary, 1987; Lepiniec et al., 1994), malate can account for 
up to 15% of the 14 C-labeled metabolites in spinach leaves at 
the end of the light period (Gerhardt and Heldt, 1984). 
Malate is also transported from the leaf into the root system, 
where it can provide electrons and serve as the carbon 
skeleton for N assimilation (Lee, 1980), or be involved in the 
uptake of nutrient salts (Smirnof and Stewart, 1985). 

To gain insight into the role of light-activated NADP- 
MDH in C 3 plants, we obtained transgenic tobacco (Nico- 
tiana tabacum L.) plants with either increased or decreased 
levels of this chloroplast enzyme. A cDNA encoding 
NADP-MDH from pea (Pisum sativum L.), driven by the 
constitutive cauliflower mosaic virus 35S promoter, was 
introduced into tobacco in sense or antisense orientation. 
Transformants with reduced or increased NADP-MDH lev- 
els were identified and expected to provide a useful tool 
with which to study the effects on regulatory processes and 
plant-growth behavior. 

MATERIALS AND METHODS 

Plant Material and Growth Conditions 

Tobacco {Nicotiana tabacum L. var Xanthi) seeds were a 
kind gift from the laboratory of MJ. Chrispeels (Depart- 



Abbreviations: NADP-MDH, NADP-dependent malate dehy- 
drogenase; OAA, oxaloacetate. 
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ment of Biology, University of California, San Diego). After 
tissue culture, wild-type plants and transformants (T 0 ) 
were grown in commercial soil mixture (10% sand, 10% 
pumice, 10% loam, 35% compost, and 35% peat) in growth 
chambers. Up to d 30 after germination the pot size was 5 
cm in diameter (70 mL), and from then on it was 14 cm in 
diameter (1,3 L). After potting the plants were transferred 
to their final growth regimes. In the growth chamber light 
intensity was 250 to 350 j*mol quanta m" 2 s" 1 at plant 
height for a daily period of 16 h of light (22°C), 8 h of 
darkness (18°C), and 75% RH. Greenhouse facilities were 
used during the summer months (June through September 
of 1995). The average daily temperature was 20.4°C and the 
average daily sunshine period was 9.6 h. Peak light inten- 
sities at plant height ranged between 200 and 1400 ^tmoJ 
quanta m" 2 s 1 . 

Seeds of the transgenic progeny and control plants were 
surface sterilized using a method communicated by A. 
Rodrigues-Franco (Facultad de Ciencias, Universidad de 
Cordoba, Spain). Up to 100 seeds were spread evenly in- 
side a closed, sterile, 1.5-mL microfuge tube and placed 
inside of a microwave oven along with a 1-L Erlenmeyer 
flask filled with 800 mL of cold water, and set twice for 7 
min at 650 to 700 W (in between, seeds were allowed to cool 
for 2 min and the water was replaced). Sterilized seeds 
were spread on solidified (0.8% agar) Murashige and 
Skoog medium (Sigma) containing 2% Sue and 250 mg L" 1 
Claforan (cefotaxime sodium, Duchefa, Haarlem, The 
Netherlands) supplemented with 100 mg L" 1 kanamycin 
(medium A) or without kanamycin (medium B). After 3 d 
in the dark at 4°C for synchronizing germination, further 
cultivation was performed in growth chambers for about 
7 d at 70 /xmol quanta m~ 2 s _1 for a daily period of 16 h of 
light (24°C) and 8 h of darkness (20°C). Seedlings were then 
transferred to soil and grown as described above. 



For assessing whole-plant growth, surface-sterilized seeds 
of selected transgenic lines (1^ and T 2 progeny) were ger- 
minated on sterilized sand that was moistened with water 
After 10 d seedlings were planted in commercial soil mix- 
ture and grown as described above. For interpolation of 
biomass development, the scored data were fitted by a fifth- 
order polynomial regression using the software package 
GRAFIT version 3.0 (Erithacus Software Ltd., Staines, UK). 

Cloning Procedures 

Plasmids containing the complete cDNA sequence cod- 
ing for NADP-MDH from pea (Pisum sativum L.) were 
constructed as shown in Figure 1, starting from two cDNA 
clones termed r-mdh and t-mdh (W. Reng, Institut fur Bio- 
physik und Physikaiische Biochemie, Universitat Regens- 
burg, Germany). The insert of clone r-mdh encodes the 
mature part of the enzyme and clone t-mdh encodes the 
missing 5' end, comprising the plastidic transit peptide 
plus part of the mature N terminus (Reng et al., 1993). The 
complete cDNA sequence was assembled in vector pASK40 
(Skerra, 1989) ancj termed g-mdh. From this construct, the 
1,356-bp EcoRI fragment was purified, blunt-ended, and 
inserted into the Smal site in plant-expression vector pA35S 
(Hofte et al., 1991), flanked by the cauliflower mosaic virus 
35S promoter and octopine synthase termination se- 
quences. Sense or antisense orientation of the cDNA frag- 
ments was verified by HindlU restriction digests (Fig. 1). 
Both plant-expression cassettes containing the complete 
Nmdh cDNA in either sense or antisense orientation were 
introduced as 2,161-bp EcoRI/HmdIIl fragments into the 
T-DNA region of binary vector pDElOOl (Denecke et al., 
1990). Two different Agrobacttrium tumefaciens C58C1 
strains, LBA4404 and GV2260 (Deblaere et al., 1985), were 
transformed with the sense- and antisense-pDElOOl con- 



Figure 1. Construction scheme of plasmids with 
Nmdh in sense and antisense orientation. The 
complete cDNA fragment (1356 bp, coding for 
pea NADP-MDH and its transit peptide) was 
inserted between the cauliflower mosaic virus 
(CaMV35S) promoter and the octopine synthase 
(OCS) termination sequences of plant expres- 
sion cassette pA35S (Hofte et al., 1991). The 
21 61 -bp fcoRI/H/ndlll fragments of constructs 
pA35S g-mdh sense and pA35S g-mdh antisense 
were inserted into the respective fcoRI/H/ndlll 
sites of binary vector pDEIOOl (Denecke et al., 
1990). RB/LB, Right and left T-DNA borders, 
respectively; PNOS, nopaline synthase pro- 
moter driving the neomycin phosphotransferase 
gene (NEO); and hatched box, cDNA fragment 
used as a probe for hybridization experiments. 
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structs using the freeze-thaw method described by Hofgen 
and Willmitzer (1988) and used for cocultivation of tobacco 
leaf discs. 

Leaf-Disc Transformation and Regeneration of 
Transgenic Plants 

A. tumefaciens-mediated transformation of tobacco leaf 
discs followed the procedure described by Voelker et al. 
(1987). Combined callus and shoot induction was on solid- 
ified (0.8% agar) Murashige and Skoog medium containing 
2% Sue, supplemented with 0.1 mg IT 1 naphthalene acetic 
acid and 1 mg L" 1 benzylaminopurine. For selection of 
transformed shoots Claforan (500 mg L -1 ) and kanamycin 
(100 mg L" 1 ) were included. After 6 to 8 weeks regenerated 
shoots were transferred to kanamycin-suppJemented agar 
(medium A). Shoot cuttings that formed roots were planted 
in soil and grown for at least 3 weeks before the determi- 
nation of NADP-MDH capacity. As controls, kanamycin- 
sensitive (i.e. pseudo-wild-type) and wild-type tobacco 
plants were regenerated in parallel, the latter by omitting 
kanamycin selection (medium B). 

Preparation of Leaf Extracts 

To reduce stress effects resulting from tissue culture, 
plants were grown for at least 3 weeks in soil before 
experiments were started. The youngest leaf measuring 
about 1.5 cm in length was defined as the first leaf of an 
individual plant. The third leaf was about 30% of the size of 
a fully expanded source leaf. The complete third leaf of 
each plant was ground in liquid nitrogen and the frozen 
powder was subsequently homogenized in 500 /jlL of de- 
gassed extraction medium: 50 mM Tris-HCl, 1 mM EDTA, 
14 mM 2-mercaptoethanol, 0.01% (w/v) BSA, 0.5% (v/v) 
Triton X-100, and 1% (w/v) polyvinylpolypyrrolidone, pH 
8.0. Under these conditions degradation and /or inactivation 
of NADP-MDH was undetectable. Aliquots for measuring 
chlorophyll content were withdrawn, and the remaining 
samples were stored in liquid nitrogen for determination of 
NADP-MDH activity and protein concentration. 

Determination of NADP-MDH Activities 

For routine measurements of NADP-MDH activity in the 
third leaf (counted from the top) of individual plants, 
preparation of leaf extracts was simplified as follows: two 
leaf discs of 1 cm in diameter were cut with a cork borer 
from both sides of the midrib (central area) and ground 
under liquid nitrogen in a 1.5-mL microfuge tube. The 
frozen powder was suspended in 200 uL of extraction 
medium as described above, but without polyvinylpoly- 
pyrrolidone. To determine maximal NADP-MDH activity 
(i.e. NADP-MDH capacity), the enzyme was fully activated 
by incubation for 20 min in the presence of 100 mM DTT 
(reduced form, dissolved in 100 mM Tris-HCl, pH 8.0) and 
0.1% (w/v) BSA. NADP-MDH activity was measured at 
340 nm in a standard assay mixture, as described by 
Scheibe et al. (1986). Plants that were used for growth 
analyses were preselected according to samples taken 30 d 



after germination. Final categorization was based on mea- 
surements at the time of harvest. 

For the estimation of in vivo NADP-MDH activities, 
samples were taken using the freeze-clamp method and 
extracted according to Scheibe and Stitt (1988). For freeze- 
clamping, an LCA4 gas-exchange system (ADC, Hoddes- 
don, UK) with a specially modified PLC2 leaf chamber was 
used (fine-mechanic shop of the Universitat Osnabriick, 
Germany). 

Chlorophyll concentration was determined according to 
Arnon (1949) before centrifugation of the samples. Total 
soluble protein was measured in cleared extracts using the 
method of Bradford (1976) with BSA as a reference protein. 

Estimation of Molecular Masses and NADP-MDH 
Protein Contents 

Discontinuous SDS-PAGE of protein extracts (Laemmli, 
1970) was conducted in a vertical minigel system (Mini- 
Protean II, Bio-Rad), including a molecular weight stan- 
dard mixture (Dalton Mark VII-L, Sigma). 

Preparation of protein blots with subsequent immuno- 
detection was essentially as described by Graeve et al. 
(1994). Extraction of total protein was in 50 mM Hepes- 
NaOH, pH 7.0, 0.1% (w/v) SDS, 2 mM sodium bisulfite, 
and 0.01% (w/v) BSA. A polyclonal rabbit antiserum, 
raised against purified pea NADP-MDH, was used for the 
detection of NADP-MDH from pea and tobacco. Relative 
amounts were estimated from a dilution series. 

Nucleic Acid Analyses 

Genomic DNA was prepared from frozen leaf tissue as 
described by Dellaporta et al. (1983). Total RNA was iso- 
lated from the fourth leaf (counted from the top) of indi- 
vidual plants according to the method of Logemann et al. 
(1987). Nucleic acids were blotted from agarose gels onto 
Nytran membranes (Schleicher & Schuell). DNA- and 
RNA-blot analyses were conducted using standard tech- 
niques (Sambrook et al, 1989). For an estimation of signal 
strength, dot-blot filters with serial dilutions of pea cDNA 
clone r-mdh were prepared essentially as described by von 
Schaewen et al. (1995). The blots were probed with radio- 
actively labeled cDNA fragments (970 bp) of plasmid r- 
mdh, purified from agarose gels using the Geneclean-II kit 
(BIO 101, San Diego, CA). Labeling of DNA fragments with 
[a- 32 P]dCTP and removal of nonincorporated nucleotides 
was as described previously (von Schaewen et al., 1995). 

RESULTS 

Assessment of NADP-MDH Capacity in Wild-Type and 
Pseudo-Wild-Type Tobacco Plants 

To analyze the distribution of NADP-MDH in tobacco 
wild-type plants, maximal enzyme activity (i.e. capacity) 
was monitored in discs cut from every leaf of individual 
plants during a period of 3 to 9 weeks after germination. 
The results shown in Figure 2 demonstrate that in tobacco 
leaves NADP-MDH capacity depends strictly on plant age 
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Leaf number (from the top) 

Figure 2. NADP-MDH activities in individual leaves of tobacco 
wild-type plants. Graphs are based on the mean values obtained from 
two plants for each time point. The inset in the top panel shows the 
calibration curve of NADP-MDH capacities in third-leaf samples. 
Tobacco wild-type and pseudo-wiJd-type plants (after regeneration 
from leaf discs in tissue culture) were assayed over the indicated time 
period. The values are either based on protein {(eft scale, •) or 
chlorophyll (right scale, A) contents, chl, Chlorophyll. 



and on the developmental state of the tissue. Enzyme ac- 
tivity in young, developing leaves was about 5- to 10-fold 
higher than in older, fully expanded leaves. This held true 
for a correlation based on protein content (Fig. 2), and also 
for a correlation of NADP-MDH capacity with leaf area or 
chlorophyll content (data not shown). 

Especially in young leaves of wild-type tobacco plants 
NADP-MDH capacity varied substantially over the entire 
growth period (Fig. 2). To correlate the enzyme activities in 
third-leaf samples of the transformants with those of wild- 
type plants grown in parallel, NADP-MDH capacities were 
determined at various times after transfer to soil. The time- 
dependent differences of endogenous NADP-MDH capac- 
ities in third-leaf samples of pseudo-wild-type regenerants 
paralleled the result found for wild-type plants, regardless 
of whether the data were related to protein or to chloro- 
phyll contents (calibration curve; Fig. 2, inset). Therefore, 
in all further experiments untransformed cv Xanthi wild- 
type plants were grown in parallel and used as controls. 

Analysis of Primary Transformants (T 0 Plants) 

From 33 independent transformants expressing pea 
Nmdh in sense orientation, obtained after infection with 
two different A tumefaciens strains (L preceding the num- 



ber of the transformant refers to LBA4404, n = 11; P refers 
to GV2260, n = 22), only four showed significant overex- 
pression of Nmdh (the data for two of them are shown in 
Figure 3A). It was confirmed that the more than 2-fold 
NADP-MDH capacity in third-leaf samples of these trans- 
formants (e.g. L12) correlated with an equalJy enhanced 
signal on RNA blots (qualitative estimation, data not 
shown). Frequently, cosuppression of endogenous tobacco 
Nmdh was observed (Jorgensen, 1991), which indicates suf- 
ficient homology between the endogenous tobacco and the 
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Figure 3. NADP-MDH capacities in the third leaf of selected trans- 
formants. A, Activities of the primary transformants (T 0 ) are shown as 
a percentage of those determined in third-leaf samples of tobacco 
wild-type plants. The calibration curve shown in Figure 2 was used 
as a reference (100%). A total of 36 antisense and 50 sense transfor- 
mants was analyzed. Open and shaded bars, Sense plants; black 
bars, antisense plants. Multiple measurements were done between d 
30 and 70 after transfer of plants to soil. B, NADP-MDH capacity in 
individual leaves of two stable L1 8-Tt plants at d 43 postgermination, 
showing either strong overexpression (L18-TVB6/OE, ■) or strong 
cosuppression (L18-T r B5/UE, □) of NADP-MDH. O, Untransformed 
control plant (wild type). Chi, Chlorophyll. 
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heterologous pea gene. A recent report shows that se- 
quences with only 71% homology can give successful co- 
suppression (Trev anion et aL, 1997). Some of the sense 
transformants showed a decrease of NADP-MDH capacity 
to less than 20% of the wild-type level in third-leaf samples 
(Fig. 3A). For transformants L18, 14, and P22 this effect was 
constant over the entire growth period. Similarly low 
NADP-MDH levels were not stable in all cosuppressed 
transgenic sense lines. Transformant P46, for example, 
showed the strongest initial reduction in NADP-MDH ca- 
pacity (about 5% of the wild type). However, when assay- 
ing the third leaf at d 54 and 70 after germination, levels 
had increased to 40% of NADP-MDH wild-type activities 
(Fig. 3A, gray bars). 

Expression of the heterologous pea Nmdh cDNA in anti- 
sense orientation resulted in stable reduction of NADP- 
MDH capacity in transgenic tobacco plants, but antisense 
transformants with NADP-MDH levels that were reduced 
to less than 13% of the wild-type level were not obtained 
(Fig. 3A; Table I). After selfing most of the T\-antisense 
plants showed NADP-MDH activities ranging between 50 
and 100% of the wild-type level in the third leaf. The reason 
that one of the antisense transformants (PI 9) showed ele- 
vated NADP-MDH activity, which was also transmitted to 
the T x progeny (Table I), is obscure and was not analyzed 
further. 

Quantitation of the T-DNA Integrations 

Southern-blot analysis of transgenes alone is not suffi- 
cient to reveal the exact copy number of T-DNA integra- 
tions (Masle et al„ 1993). To determine the number of 
independent T-DNA insertions in the dihaploid tobacco 
genome, seeds of the selfed transformants (T x progeny) 



were germinated on agar containing kanamycin. The per 
centage of germinating seeds was always equal to the 
proportion of germinated seeds without kanamycin selec- 
tion. The deduced T-DNA copy numbers for selected trans- 
genic lines are shown in Table L For some of the transfor- 
mants an estimation of one to two T-DNA integrations per 
genome is based on 10 to 15% kanamycin sensitivity of the 
T 2 progeny. Deviations from the theoretically expected 
value were already found in a similar study (Kilby et al., 
1992) and had been ascribed to a non-Mendelian behavior 
of the kanamycin-resistance gene. 

Characterization of Plants 

For studies concerning whole-plant growth under vari- 
ous conditions, a high number of near-isogenic plants with 
stably suppressed or increased NADP-MDH levels was 
required. For a better comparison, T x individuals from 
different transgenic lines were categorized according to 
their NADP-MDH capacities into "overexpressors" 
(>200%), wild-type-like, and "underexpressors" (<40%). 
Among the selfed progeny of some transgenic sense lines 
(e.g. transformant L18), most T a individuals revealed either 
low (<20%) or high (>2-fold) NADP-MDH levels (Table I), 
which were stable in all leaves during the entire growth 
period (data not shown). Individuals were defined as sta- 
ble when the NADP-MDH content in all available leaves 
was either at least 3-fold higher or less than 20% of the wild 
type (grown in parallel) during the entire growth period 
(Fig.3B). 

NADP-MDH activities in third-leaf samples of strong 
overexpressors were 4- to 5-fold higher compared with 
wild-type plants, and immunologically cross-reacting ma- 
terial on protein blots was increased even more (up to 



Table I. Characteristics of the various transgenic lines 

Inferred T-DNA copy numbers and NADP-MDH capacities in the third leaf of selected transformants 
(T 0 ) are compared with the distribution of NADP-MDH capacities in individual T, plants. WT, Tobacco 
wild type. T-DNA copy numbers were estimated from the percentage of kanamycin-resistant seedlings 
(kan R ) in the T, progeny of the selfed transformants [n = 50). 
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50 


Antisense 












P55 


2 


13 


0 


50 


0 


P47 


2 


17 


3 


47 


0 


P29 


1 


30 


0 


50 


0 


P57 


2 


55 


0 


50 


0 


P41 


1 


70 


0 


50 


0 


P19 


J 


170 


0 


25 


25 



a NADP-MDH capacity determined at d 45, 54, and 70 after germination. 
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20-fold). This estimation includes a 45- kD form in addition 
to the 43-kD unit length NADP-MDH band, which is also 
specifically recognized by the pea antiserum in overex pres- 
sors (Fig. 4C, lane OE). Subsequent experiments with 
isolated chloroplasts from wild-type and L18-B6- 
overexpressor plants revealed that at comparable levels o{ 
intactness (76 and 75%, respectively), NADP-MDH capac- 
ity and protein content in the overexpressor are elevated 
5~fold compared with the wild type (data not shown). 
Therefore, we speculate that the 45- kD cross-reacting 
polypeptide most likely represents unprocessed NADP- 
MDH precursors in the cytosol, which are recognized by 
the antiserum but do not contribute to measurable activity. 

Southern-blot analysis of Hi nd ill-digested genomic DNA 
of individual LI8-T, plants suggests that cosuppression 
effects ensue from higher T-DNA copy numbers when 
compared with the situation in overexpressors. Different 
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— _ o _ ~* 
o -* d 



A UE OE WT 

Ww m** 



_ U E OE 

B WT A4 A5 B2 B3 B5 B6 




OE OE* WT V M UE 




Figure 4. Analysis of Nmdh expression in leaf samples of i 1 8 1, 
plants. A, For Southern blots, genomic DNA from wild type (WT?, 
selected underex pressors t UE), or overexpressors (OE) was prepared. 
Ten- microgram ah'quots were digested with Hindlli (compare Fig. i >, 
separated in 0.8% agarose gels, and transferred to avion membrane, 
B, RNA blots were run with 20 /u.g oi total RNA under denaturing 
conditions. Southern and northern blots were hybridized with ' 'P 
labeled 9~0-bp HindWl fragments oi pea < DNA clone r-mdh (Reng et 
al,, 1993; compare Fig. H. Signal strengths were estimated from 
dot-blot standard filters developed in parallel. The two arrows mark 
the positions of weak signals recognized by the heterologous pea 
probe in wild -type tobacco plants. C, immunodetection of NADP- 
MDH on protein blots. Third-leaf samples were separated in a 15% 
SDS-polyacrylamide gel and transferred to nitrocellulose. A poly- 
clonal rabbit, antiserum raised against the purified pea enzyme was 
used to detect tobacco and pea NADP-MDH polypeptides. Lane M, 
Molecular mass standards plus 1 /ig of recombinant pea NADP-MDH 
purified from Escherichia coli, essentially as described by Reng et al. 
(1993). l eaf extracts of pea (P), L18-T r B6 (OE), L18-T r B5 (UE), and 
a tobacco wild-type plant (WO were analyzed, each equivalent to 
200 /ig of soluble protein. OE*, Dilution or L!B-T r Bb extract equiv- 
alent to 20 jug oi protein. 



signal intensities were observed by hybridization of the 
1,125-bp internal Hiwdlll-fragment (Fig. 4A, compare lanes 
UE and OB) with the radiolabeled 970-bp probe (Fig. 1). 
Fragments larger than 5000 bp were detected when 
genomic DNA was digested with EceRl (one restriction site 
within the introduced T-DNA construct; data not shown). 
This indicated that multiple T-DNA integration in direct 
tandem repeat at one locus had not occurred. 

Using RNA-blot analysis of total RN A, endogenous and 
heterologous Nmdh mKNA could not be distinguished (Fig. 
4B). In wild -type tobacco samples two mRNA species hy- 
bridized weakly with the heterologous cDNA probe from 
pea, whereas strong labeling of a single band was observed 
with RNA samples of individual overexpressors. High 
mRNA levels always correlated qualitatively with high 
NADP-MDH capacities (Fig, 3B) and protein contents (Fig. 
4C) in individual overex pressing L18-T, plants, whereas 
Nnulh signals of undorexprcssing I I8-T plants on R\A 
and protein blots were below the detection limit when 
compared with wild-type controls (Fig. 4, B and C). 

In heterotrophic plastids NADP-MDH activity is unde- 
tectable. Because of constitutive expression of the trans- 
gene, root extracts of L18-T-, overexpressors showed rela- 
tively high NADP-MDH capacities (0.8-2.7 units mg 1 
protein). In root extracts of LIB-Tj underexprcssors, how- 
ever, NADP-MDH activity was, as in wild-type plants, at 
the detection limit (0.017 ± 0.005 unit mg 1 protein), which 
indicates that in transgenic line LIB cosuppression operates 
at the DMA level In contrast, relatively high NADP-MDH 
capacity (i.e. I7TT- dependent, about O.ln unit mg ; pro- 
tein) was detected in root extracts of unde {"expressing i , 
plants of line P46. In this case, the cosuppression effect 
observed in leaves seems to depend on the tissue-specific 
expression of the endogenous tobacco Nmdh gene. 

Growth Analysis of T 1 and T 2 Individuals in 
the Greenhouse 

Possible correlations of plant-growth parameters with 
altered NADP-MDH capacities in transgenic plants were 
analyzed in comparison with the wild type. Because in 
several lines multiple insertion events probably occurred 
(Table I), T, and I , individuals from eight different trans- 
genic sense lines were used for the first set of experiments. 
For growth-rate analyses, plants were preselected <u cord- 
ing to their NADP-MDH capacities at d 30 before thev were 
transferred to the greenhouse. A total of 360 individuals 
(including one-third of the untransformed wild -type plants 
and one unstable line) was analyzed in three sets. Ran- 
domly selected plants were harvested in 10- to 14-d inter- 
vals for determination of fresh and dry weights, leaf area, 
specific leaf weight, and NADP-MDH activity. For a better 
comparison, transgenic plants were classified according to 
their NADP-MDH capacities into overexpressors (>300% 
wild type), underexprcssors (<20% wild type), or wild- 
type-like plants. 

For untransformed wild-type control plants., the typical 
developmental change of the NADP-MDF1 activities, as 
described above (compare Fig. 2), was observed. Highest 
NADP-MDH capacities were scored during the period of 
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Table II. Stability of NADP-MDH capacity in transgenic tobacco sense lines used for growth 
analysis 

NADP-MDH activities were first determined after 35 d in the greenhouse and again at harvest. The 
categorization is based on NADP-MDH capacities of untransformed control plants grown in parallel 
(100%): underexpressors (UE, <50%), overexpressors (OE, >200%), and wild-type plants (50-200%). 
A subset of stable transformants was used for scoring the data compiled in Figure 5. 

No. of Individuals 



Transgenic Line 


Total no. 


<50% 


50-200% 


^200% 


Unstable 


PB-Tt 


13 


0 


13 


0 


0 


P14-T, 


14 


0 


12 


0 


2 


L-6-T, 


14 


0 




9 


0 


L12-T, 


39 


0 


5 


30 


4 


L18-T, 


42 


6 


4 


19 


13 


L18-T 2 (B5/UE) 


49 


16 


0 


0 


33 


L18-T 2 (B6/OE) 


36 


0 


0 


35 


1 



the described growth phenotype is merely the result of 
T-DNA insertion (or insertions) at a certain locus in the 
tobacco genome. In short-term experiments, steady-state 
photosynthetic parameters, levels of other pace-making 
Calvin-cycle enzymes, and metabolite contents of the 
leaves were not significantly altered (data not shown). 
Apart from the differences in growth, few phenotypic de- 
viations occurred. Some of the transformants had narrower 
leaves, but when assaying the T x progeny this did not 
strictly correlate with the NADP-MDH contents and can 
probably be attributed to tissue-culture aftereffects (Masle 
et ah, 1993). 



Growth Analysis under Climate-Controlled Conditions 

To minimize effects possibly caused by the noncon- 
trolled environmental conditions during growth in the 
greenhouse, T 2 plants from the most stable overexpressing 
(L18-TJ-B6) and underexpressing lines (L18-T r B5) were 
chosen for further growth analyses under climate- 
controlled conditions. After 30 d a clear correlation be- 
tween NADP-MDH content and growth rate was detected. 
Transgenic plants with less than 20% of NADP-MDH ca- 
pacity were restricted in growth, whereas overexpressors 
showed a faster accumulation of biomass than the corre- 
sponding wild-type plants. The effects are obvious from 
data scored with shoot tissue (leaves plus stem) and are 



Table III. Comparison of growth parameters 

Growth parameters were determined for wild-type tobacco and stable transgenic sense plants as 
given in Table II. The transgenic plants showed either extreme over- or underexpression of NADP- 
MDH. The data were scored during the period of maximal plant growth in the greenhouse using total 
overground tissue (leaves plus stem) and are the means ± sd. The average values obtained for 
untransformed plants (wild type) represent 100% (n = 6). 



Growth Parameter Underexpressors Wild Type Overexpressors 



NADP-MDH capacity (/xmol mg"" 1 


19 ± 


10 


1 00 ± 1 7 


507 ± 


100 


chlorophyll h~ 1 ) 
Leaf area (m 2 ) 












73 ± 


7 


100 ± 8 


130 ± 


6 


Shoot fresh weight (g) 


70 ± 


8 


100 ± 12 


125 ± 


16 


Shoot dry weight (mg) 


54 ± 


7 


100 i 8 


118 ± 


9 


Specific leaf weight (fresh) (g m~ 2 ) 


106 ± 


9 


100 ± 7 


95 ± 


6 


Specific leaf weight (dry) (mg m~ 2 ) 


105 ± 


5 


1 00 ± 1 0 


107 ± 


10 



maximal growth (d 40-60). Analysis of the various trans- 
genic lines that were used in these experiments revealed 
significant differences, not only in their NADP-MDH ex- 
pression levels, but also in their stability of NADP-MDH 
expression. For classification, the NADP-MDH capacity of 
the wild-type plants at harvest was taken as 100%. Indi- 
viduals in which NADP-MDH activity deviated from the 
initial score at d 30 were denoted as unstable and were not 
included in the following growth analyses (Table II). 

Stable transgenic plants that were examined during the 
phase of maximal growth (around d 50 after germination) 
showed a significant correlation of their fresh and dry 
weights with their respective NADP-MDH capacities (Ta- 
ble III). Extreme underexpressors exhibited reduction in 
leaf area and shoot fresh or dry weights, whereas for 
overexpressors these parameters increased. The observa- 
tion that specific fresh and dry weights (i.e. weight per leaf 
area) remained unaltered indicated that no change in leaf 
morphology had occurred. The dry weight data were used 
to interpolate a continuous time course of biomass accu- 
mulation (Fig. 5). The curve fit indicates that plants with a 
high NADP-MDH capacity developed faster and reached 
their final weight earlier than the wild type, whereas plants 
with a reduced enzyme capacity lagged behind. The dif- 
ferences were visible only during maximal plant growth 
and disappeared later in development. 

Because the effect on plant growth was found for three 
independent transgenic lines, we consider it unlikely that 
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Time (days) 

Figure 5. Graphic representation of dry weight accumulation over 
time. Plants were grown in the greenhouse and harvested at the 
indicated times. A subset (^20% and ^300%) of the transgenic plants 
used for growth analyses (Tables II and III) was compiled. The hori- 
zontal error bars indicate that the harvesting procedure took up to 3 d. 
The scored data were fitted by a fifth-order polynomial regression, 
using the software package GRAF/T version 3.0. □, Overexpressors; 
untransformed wild-type plants; and A, underex pressors. 

less clear with root tissue (Fig. 6), which is difficult to 
sample from soil-grown plants. 

As already observed in the greenhouse for hlmdh- 
overexpressing plants, at the end of a prolonged growth 
period the enhancement in biomass production was no 
longer apparent. After 70 d in soil no significant differences 
could be detected for Nmdh overexpressors on a whole- 
plant basis compared with the wild type (Fig. 6). This was 
also found for selected individuals of other lines (L12 and 
P46). Between over- and underexpressing individuals, 
other striking differences became evident from the activa- 
tion states of NADP-MDH (Table IV). In wild-type plants 
about 35% of the available enzyme is activated in vivo 
under the chosen growth conditions. Overexpressors 
reached slightly lower activation states (expressed as per- 
centage), which means that their actual NADP-MDH activ- 
ity was three times higher compared with the wild type. In 
contrast, underexpressors activated a large part (70-80%) 
of their available NADP-MDH, which, however, corre- 
sponds to only about 20% of the actual wild-type activity 
(Table IV). Similar observations were made when Sorghum 
bicolor NADP-MDH was overexpressed in the C 4 plant 
Flaveria bidentis (Trevanion et al., 1997). 

DISCUSSION 

Several recently conducted physiological studies using 
transgenic plants, for example, with reduced levels of reg- 
ulatory Calvin-cycle enzymes (Paul et al., 1995; Price et al., 
1995) or of the plastidic phosphate translocator (Riesmeier 
et al., 1993; Heineke et al., 1994), are based on the assump- 
tion that mRNA or protein levels, once defined for a dis- 
tinct sample, remain constant in all leaves during the entire 
growth period. This seems to ignore the possibility of 
tissue-specific, age-dependent, or stress-induced endoge- 
nous control mechanisms, which could influence both the 



enzyme levels in wild-type plants and transgene expres- 
sion in the transformants. 

For the transgenic approach described here, the aim was 
to generate significant differences in NADP-MDH activity 
that remain stable during the entire life cycle of the plant. 
NADP-MDH activities were monitored in leaf samples of 
wild-type tobacco plants during the growth period. This 
revealed that between different leaves of individual plants, 
the maxima] activities (i.e. NADF-MDH capacities) varied 
by a factor of about 10 (Fig. 2), without regard to whether 
the data were related to chlorophyll or protein content or to 
leaf area. Further variations were registered over time (see 
inset in Fig. 2). During maximal growth of the wild-type 
plants, NADP-MDH levels were about six times higher 
compared with the beginning or the end of the life cycle. 
Thus, in experiments that addressed the importance of an 
enzyme with respect to plant growth, the physiological and 
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Figure 6. Growth analysis of LI 8- T 2 plants. Data from the T 2 progeny 
of selfed L1 8-7^-86 overexpressor and L18-T r B5 underexpressor 
plants are compared with those of untransformed tobacco wild type. 
PJants were grown at a light intensity of 250 to 350 /xmol quanta m' 2 
s" 1 (at plant height) in a growth chamber as described in "Materials 
and Methods/" Fresh (A-C) and dry weights (D-F) of total shoot (open 
bars) and root tissue (filled bars) were determined at d 30 (A and D), 
d 50 (B and E), and d 70 (C and F) after germination. Each bar 
represents the mean from four individual plants; the range of devia- 
tion is indicated by a vertical line. 
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Table IV. Comparison of NADP-MDH capacities and the respective activation states in leaf extracts 

Wild-type and individual stable T 2 plants of selected transgenic lines were grown in a climate 
chamber at 350 /xmol quanta rrT 2 s~\ After 55 d samples were taken 2 h after illumination using the 
freeze-clamp method (see "Materials and Methods"). The number of plants analyzed in the different 
categories varied: wild type, n = 9; underexpressors (<20% of wild type), n = 4, overexpressors 
<>300% of wild type), n = 7. 



NADP-MDH 


Underexpressors 
(L1B-T 2 -B5) 


Wild Type 


Overexpressors 
<L18-T 2 «B6) 


Capacity (/xmol mg chlorophyll" 1 h"" 1 ) 


12 ± 5 


130 ± 16 


507 ± 100 


Activation state {% of capacity) 


72 ± 12 


34 ± 8 


26 ± 9 


Actual activity (jimol mg chlorophyll" 1 rT 1 ) 


8.7 


44.0 


131.0 



developmental variations during the plant's life span, 
which for NADP-MDH occur in a range (6- to 10-fold 
change) that is often described as the result of successful 
plant transformation, must be taken into account For the 
evaluation of altered enzyme levels in the different trans- 
formants, the corresponding data obtained with wild-type 
plants, therefore, served as a reference. 

The Nmdh cDNA from pea was chosen for two reasons. 
First, overexpression is more effective with heterologous 
transgenes, and cosuppression effects are less frequently 
observed (Jorgensen, 1990). Second, it has been shown 
previously that silencing of endogenous genes can be sim- 
ilarly achieved by transformation with closely related but 
nonidentical sequences (e.g. Phe ammonia lyase from bean 
in transgenic tobacco plants [Elkind et al., 1990]; and, re- 
cently, NADP-MDH from S. bkolor in transgenic tobacco 
plants [Trevanion et a., 1997]). A number of sense transfor- 
mants with strongly cosuppressed NADP-MDH activity 
were found, indicating sufficient homology between the 
endogenous and heterologous sequences. However, no 
good antisense effect was observed (Table I), a fact that 
could be explained by a weaker homology in the 5' region 
that comprises the chloroplast signal sequences, since the 
complete pea cDNA was used for both sense and antisense 
constructs (Fig. 1). In most but not all cases described, 
extensive pairing of sense and antisense transcripts is re- 
quired to efficiently block expression of the endogenous 
gene by triggering degradation of the double-stranded 
RNA molecules (Nellen and Lichtenstein, 1993). 

T 2 individuals showing either extreme overexpression or 
extreme cosuppression effects were found among the 
selfed progeny of three independent transgenic lines (P22, 
P46, and L18). The mechanisms responsible for the high 
variation in Nmdh expression levels seem to differ between 
the transgenic lines (Table I), which can be explained by: (a) 
integration of two T-DNA copies at different (L18) or 
linked loci (L12); (b) copy number and /or tissue-specific 
effects on the introduced transgene, operating at different 
levels (DNA or mRNA, as indicated by different Nmdh 
expression in roots of LI 8 versus P46 individuals); and (c) 
transgene inactivation by methylation (Meyer, 1995; 
Matzke et al., 1996), which could account for the observa- 
tion of kanamycin-resistant plants with near-wild-type lev- 
els (Table I) or developmentally unstable individuals (Ta- 
ble IJ) (Hobbs et al f 1990). 

Despite the exact nature of the effects, categorization of 
selected individuals into groups with either stably en- 



hanced (overexpressor, >2-fold) or reduced (underexpres- 
sor, <40%) NADP-MDH capacities, compared with the 
wild type (Table I), allowed for simplification of the fol- 
lowing experiments. The possibility that only tissue- 
culture effects influenced Nmdh expression can be ruled 
out, because transformants with near-wild-type activities 
(i.e. pseudo-wild-type regenerants) showed the same leaf- 
and age-dependent pattern of NADP-MDH capacities as 
the wild-type plants. For individual transformants that 
showed either of the two extremes of stable Nmdh expres- 
sion (Fig. 3B), correlation with the respective mRNA and 
protein contents was additionally confirmed by gel-blot 
analyses (Fig. 4). In strong NADP-MDH overexpressors 
(^5-fold of the wild-type) a 45-kD band was reproducibly 
immunodetected on protein blots that could reflect 
precursor-polypeptide accumulation in the cytosol. In a 
different study efficient uptake and processing of NADP- 
MDH from a C 4 plant (S. bicolor) was observed in trans- 
genic tobacco plants with up to 2-fold-enhanced enzyme 
levels (Gallardo et al., 1995). 

The main interest of this work, in addition to the charac- 
terization of some genetic aspects of the transformants and 
of the effects on Nmdh expression levels, was to analyze the 
physiological consequences caused by altered NADP-MDH 
capacities in the mutant plants. The requirement for a min- 
imal amount of this enzyme was already evident from the 
initial transformant screen, since a reduction to less than 5 to 
7% of the wild type was not observed (Table I). Furthermore, 
in the selfed progeny of line LI 8 activities beyond this level 
were never observed in strongly cosuppressed individuals 
(Table IV). Possibly, this level defines a threshold of NADP- 
MDH activity needed for plant viability under the given 
growth conditions. Similar results were obtained upon ex- 
pression of a homologous Nmdh antisense construct in po- 
tato. Transformants with NADP-MDH activity of less than 
10% of the wild-type levels were not found (B. Muller-Rdber, 
personal communication). 

As a first approach toward a physiological analysis, the 
effect of altered Nmdh expression on plant growth was 
studied. The analysis focused on selected T x and T 2 lines 
(namely L6, L12, L18, P8, P14, and P46), which showed the 
highest numbers of stable over- or underexpressing indi- 
viduals. The NADP-MDH levels in these lines ranged be- 
tween 10% and 6-fold of the wild-type level. In all lines 
analyzed a correlation between plant growth and NADP- 
MDH levels was observed under both near-natural (green- 
house; Fig. 5) and climate-controlled (growth chamber; Fig. 
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6) conditions. The curve fit of the dry weight data shown in 
Figure 5 shows that the overexpressors developed (i.e. 
grew and aged) faster, whereas the growth of the under- 
expressors was retarded. 

To this end, the exact nature of the interactions between 
NADP-MDH and plant growth remains unclear. For exam- 
ple, higher stromal NADP-MDH contents can lead to ele- 
vated export rates of reducing equivalents into the cytosol 
(Kromer, 1995). Malate can either be used for cytosoiic 
NADH production, as required for nitrate reduction, or for 
mitochondrial ATP production to drive cytosoiic Sue syn- 
thesis. The altered enzyme-activation states (Table IV indi- 
cate that the NADPH/NADP ratio must be higher in the 
chloroplast stroma of the underexpressors and consider- 
ably lower in the overexpressing plants. This is probably 
caused by altered rates of malate formation and export. An 
optimized ATP/NADPH ratio in the chloroplast stroma is 
one possibility to explain the positive effect of increased 
NADP-MDH activity, whereas a limitation of malate for- 
mation in underexpressors seems to retard plant growth. 
One possibility is that in M?z^/*-underexpressing lines the 
activation states of other redox-modulated chloroplast en- 
zymes are also affected. Fru-l,6-bisphosphatase is highly 
sensitive to less favorable stromal redox states (Holtgrefe et 
al., 1997). 

Our search for how altered malate-valve capacities might 
influence the growth of tobacco plants is further compli- 
cated by the complex pattern of Ntndh expression observed 
within wild-type plants (Fig. 2). These findings are in ac- 
cordance with previously published results (Merlo et al., 
1993) and indicate that altered Nmdh expression in the 
mutant plants has possibly a more pronounced effect on 
young, expanding leaves. Here the expression of enzymes 
such as PEP carboxylase and nitrate reductase is increased, 
whereas the activities of key enzymes of the Calvin cycle 
are low (Vivekanandan and Edwards, 1987). In young 
leaves light energy is predominantly used for anabolic 
processes such as amino acid synthesis. Moreover, the 
structural differences between leaves at the various devel- 
opmental stages might even affect the composition of thy- 
lakoid membranes. The chlorophyll-fluorescence charac- 
teristics of young leaves often point to effects of 
photoinhibition, even under low light (Guenther and Me- 
tis, 1990). This may indicate that in immature chloroplasts 
very little capacity is available to adapt light absorption 
through xanthophyll cycles and chiorophyll-fluorescence- 
quenching mechanisms. In this situation the increased 
availability of stromal acceptors might be an advantage, 
which would be in accordance with the finding that the 
expression of enzymes involved in the ascorbate- 
dependent detoxification of 0 2 radicals is high in young 
tobacco leaves (Polle, 1996). 

In conclusion, it is obvious that in the transgenic plants 
described in this study the increase in NADP-MDH capac- 
ity correlates with a temporally enhanced growth rate. To 
understand how this is brought about, more detailed stud- 
ies are necessary. In particular, the developmental and 
environmental aspects of NADP-MDH requirements must 
be considered. 
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Isolation, characterization and cDNA cloning of nicotianamine synthase 
from barley 

A key enzyme for iron homeostasis in plants 

A. Herbik*. G. Koch, H.-P. Mock, D. Dushkov, A. Czihal, j. Thielmann. U. W. Stephan and H. Baumlein 

Institut fur Pflanzengenetik und Kulturpflanzenforschung (IPK), Gatersleben, Germany 

Basic cellular processes such as electron transport in photosynthesis and respiration require the precise control of 
iron homeostasis. To mobilize iron, plants have evolved at least two different strategies. The nonproteinogenous 
amino acid nicotianamine which is synthesized from three molecules of S-adenosyl-L-methionine, is an essential 
component of both pathways. This compound is missing in the tomato mutant chloronerva, which exhibits severe 
defects in the regulation of iron metabolism. We report the purification and partial characterization of the 
nicotianamine synthase from barley roots as well as the cloning of two corresponding gene sequences. The 
function of the gene sequence has been verified by overexpression in Escherichia coli. Further confirmation 
comes from reduction of the nicotianamine content and the exhibition of a chloronerva-\\ke phenotype due to the 
expression of heterologous antisense constructs in transgenic tobacco plants. The native enzyme with an apparent 
M r of ^ 105 000 probably represents a trimer of S-adenosyl-L-methionine-binding subunits. A comparison with 
the recently cloned chloronerva gene of tomato reveals striking sequence homology, providing support for the 
suggestion that the destruction of the nicotianamine synthase encoding gene is the molecular basis of the tomato 
mutation. 

Keywords: antisense constructs; chloronerva mutation; gene isolation; Hordeum vulgare; iron metabolism. 



Iron is essential for fundamental cellular processes such as 
electron transfer in photosynthesis, respiration, nitrogen 
fixation as well as DNA synthesis [1]. Excessive accumu- 
lation causes severe damage to cellular components due to the 
formation of highly reactive hydroxyl radicals by the Fenton 
reaction [2]. Thus, the precise control of iron homeostasis is a 
basic prerequisite for cellular function. According to WHO data 
the health of more than three billion people worldwide is 
affected by iron deficient diet. Crop plants with a higher iron 
content, for example in the endosperm of cereals, could 
contribute to the improvement of this situation. In soil iron is 
mainly found as stable Fe(III) compounds with low solubility at 
neutral pH [1,3]. Therefore, plants have evolved special 
mechanisms of iron acquisition, classified into two strategies 
[4]. Strategy I plants, including dicots and nongraminaceous 
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monocots, facilitate iron uptake mainly by increased acidi- 
fication of the rhizosphere due to enhanced proton extrusion 
and the reduction of Fe(III) to Fe(II) by an inducible plasma 
membrane-bound reductase. In contrast, graminaceous mono- 
cots (strategy II plants) release phytosiderophores of the 
mugineic acid family into the rhizosphere. These compounds 
act as chelators of ferric ions and are taken up by root cells as 
Fe(III)-phytosiderophore complexes. 

The nonproteinogenous amino acid nicotianamine (NA) is 
found in all multicellular plants [5] and is considered to be a 
key component for both strategies of iron acquisition (Fig.l). In 
strategy I plants NA might function as a chelator of iron in 
symplastic and phloem transport [6] and in copper mobilization 
for xylem transport [7]. A similar role of NA is assumed for 
strategy II plants. Recently it was demonstrated that NA 
chelates both Fe(III) and Fe(II); these complexes are poor 
Fenton reagents, suggesting a role of NA in protecting cells 
from oxidative damage [8]. In addition, in strategy II plants NA 
was shown to be a precursor for the biosynthesis of 
phytosiderophores of the mugineic acid family [9]. In contrast 
to strategy II plants, the NA synthase (NAS) activity is not 
enhanced under iron deficiency in strategy I plants [10-12] 
suggesting that NAS activity is differently regulated in strategy 

I and II plants. Nevertheless, NAS is a highly important enzyme 
for the regulation of the iron metabolism in both strategy I and 

II plants. 

The only plant known to lack NA is the tomato mutant 
chloronerva which is characterized by severe disturbance of 
iron metabolism. It exhibits intercostal chlorosis of young 
leaves, retarded growth of roots and shoots, excessive root 
branching and permanently activated strategy I reactions, such 
as thickened root tips, increased density of root hairs, enhanced 
proton extrusion and a highly active plasmalemma-bound 
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Fig. 1. The position of NA synthase and NA in the biochemical 
pathway leading to the phytosiderophores of the mugineic acid family. 

ferrireductase. In spite of these features as an iron-deficient 
plant, this mutant accumulates iron in roots and shoots [13]. In 
addition, dramatic changes in the expression of downstream 
genes [1 1 ,14,15] has been observed. This pleiotropic phenotype 
is known as 'apparent iron deficiency syndrome'. Exogenous 
application of NA leads to phenotypic normalization [16,17]. 
Obviously, NA as well as NAS are essential components of the 
regulation of iron uptake mechanisms in multicellular plants. 

Here we report the purification and biochemical charac- 
terization of NAS as well as the cloning of two corresponding 
cDNA sequences from barley. The derived amino acid 
sequences suggest that NAS represents a new class of enzymes. 
The data confirm and further extend the conclusions indepen- 
dently drawn by Higuchi et ah [18]. 

MATERIALS AND METHODS 

Plant material 

Fe-deficient seedlings of Hordeum vulgare L. cv. 'Bonus' were 
cultured under controlled conditions as described by Stephan 
and Prochazka [19]. Wild-type plants of Nicotiana t abac cum L. 
cv. 'Petit Havanna' were used for transformation. Genomic 
DNAwas isolated from Arabidopsis thalianaL. cv. 'Columbia'. 

Purification of NAS 

Plant material (800 g of iron deficient barley roots) was ground 
in liquid nitrogen and extracted in the buffer system described 



by Shojima et al [9] supplemented with 0.2% BSA (w/v), 0.2% 
casein (w/v) and 10 jxm trans-eposysuccinyl-L-leucylamido 
(4-guanidino)-butan (E-64). After centrifugation (16 000 £, 
8 min) the supernatant was brought to 60% saturation with 
ammonium sulphate and centrifuged (25 000 g, 10 min). The 
resulting precipitate was dissolved in incubation buffer con- 
taining 50 mM Tris, 1 mM EDTA, 3 mM dithiothreitol, 500 |ulm 
methionine, 500 |jim ATP and 10 u.m E-64 (pH 8.7) and 
dialysed extensively against buffer A (50 mM Tris, 1 mM 
EDTA, 3 mM dithiothreitol, 50 jxm methionine, pH 8.7). The 
sample was adjusted to 20% ammonium sulphate saturation and 
centrifuged. The supernatant was subjected to hydrophobic 
interaction chromatography on a Butyl-Toyopearl 650M 
column (Tosohaas, Stuttgart, Germany) equilibrated with 
25% ammonium sulphate in buffer A. Bound proteins were 
eluted by decreasing the ammonium sulphate concentration. 
Fractions containing NAS activity were dialysed against 
buffer A, concentrated (Centricon; Millipore) and loaded onto 
an ion-exchange column (DEAE-Sephacel; Pharmacia) equili- 
brated with buffer A. Elution of bound proteins was achieved 
by gradient elution with 0.5 m NaCl in buffer A. Further 
purification of NAS was achieved by repetition of hydrophobic 
interaction chromatography on a small-scale column and 
ion-exchange chromatography on a Resource Q column 
(Pharmacia). NAS was purified on a Econo-Pac HTP 
column (BioRad) equilibrated with buffer A adjusted to 
pH 5.5. Samples were brought to pH 5.5 prior to loading by 
a buffer exchange on PD 10 columns (Pharmacia). Elution of 
NAS was performed by application of a gradient of up to 1 m 
potassium phosphate in buffer A (pH 8.7). All collected 
fractions were immediately adjusted to pH 8.7 to minimize 
loss of NAS activity. Finally, NAS was purified further by gel 
filtration on a Superdex 200 HR 30/10 column (Pharmacia). 
Further details of the purification procedure have been 
described previously [12]. 

NAS activity assay and determination of NA concentration 

For the NAS activity assay, 5-adenosyl-L-[carboxyl- 14 C] 
methionine (Amersham) was added to the enzyme solution 
(final concentration 20 \lu) and incubated in incubation buffer 
(see above) for 5 min at 30 °C. The reaction was stopped by 
adding MeOH to a final concentration of 50%, centrifuged 
(15 000 g, 10 min), and 1 jxL of the supernatant as well as 5 pJL 
of 1 mM nonlabelled NA was spotted onto silica gel thin layer 
plates (Fluka Chemie AG, Buchs, Switzerland). The plates were 
developed with 1-propanol/water (7 : 8). Nonlabelled NA was 
stained with ninhydrin and the synthesized [ 14 C]NA was 
quantified by a Bio-Imaging Analyser BAS 2000 [12]. 

For the determination of the NA concentration plant material 
was crushed in liquid nitrogen. The powder was mixed with 
water and the resulting pulp was submitted to Potter-El vehj em 
homogenization after thawing. The homogenate was stirred 
(1 h) and deproteinized by heating to 80 °C. After centrifuga- 
tion (20 min, 48 000 g) the supernatant was concentrated in a 
vacuum evaporator at 40 °C and lyophilized. The lyophylisate 
was dissolved in 0.2 m Na-citrate buffer pH 3.05. The NA 
concentration was determined after postcolumn derivatization 
with ninhydrin at 570 nm using an amino acid analyser (Model 
S 432, Sykam GmbH, Gilching, Germany) as described 
previously [6]. 

Iron determination 

Plant material was dried at 105 °C and treated in 65% HN0 3 
Suprapure grade (Merck) at 170 °C. The iron concentration was 
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measured with the atomic absorption spectrometer model 
SpectrAA 10 Plus (Varian Australia, Pty. Ltd, Mulgrave, 
Victoria, Australia) as described by Schmidke and Stephan [6]. 

Crosslinking of NAS and [ 14 C] 5-adenosyl-L-methionine 
(AdoMet) 

The crosslinking of NAS with [ 14 C]AdoMet was performed as 
described by Subbaramaiah and Simms [20]. Purified NAS (20 
|xg) was incubated with 40 u>M [ 14 C] AdoMet in a total volume 
of 100 jxL at 30 °C and illuminated with UV light (254 nm) for 
10, 20 and 30 min. After exposure the proteins were separated 
on a denaturing gel, dried and the radioactivity was detected by 
the Bio-Imaging BAS 2000. 

Protein electrophoresis and size determination of the native 
enzyme 

Protein concentrations were determined using the Bradford 
assay. PAGE on mini gels was performed according to 
Laemmli [21] and the gels were stained with Coomassie blue. 
To estimate the mass of the active native enzyme, purified 
barley extract and E. coli extracts were used for gel filtration 
(Superdex HR 30/10) relative to defined size markers (Sigma). 

Peptide sequencing 

Internal polypeptide cleavage was performed with trypsin as 
described by Jeno et al. [22]. The peptide fragments were 
separated on a Hypersil BDS column (RP18) and sequenced 
according to a standard protocol for the HPLC- System 'Gold* 
(Beckman). 

Rapid amplification of cDNA ends (RACE) 

Based on an internal peptide sequence (QFLAPrVDP) of the 
putative NAS protein, the corresponding primer oligonucleotide 
K21271 (5 ; -CARTTY YTNGCNCCNATHGTNG AYCC-3 r ) was 
synthesized (Biometra) and used in combination with the 
anchor primer (Biometra) to amplify a 0.6-kb fragment. The 
Titan One Tube RT/PCR system (Boehringer) was used for 
amplification. Using the TOPO TA Cloning Kit (Invitrogen) the 
fragment was cloned into the vector pCR2.L 

Isolation and sequencing of cDNA clones 

The 600 bp fragment obtained by 3 'RACE was labelled using 
the Megaprime labelling kit (Amersham) and used as 
hybridization probe for the screening of a seed-specific barley 
cDNA library established in the XZIP Lox™ vector (Gibco). 
The library was kindly provided by W. Weschke, IPK 
Gatersleben. Standard techniques for restriction enzyme 
digestion, cloning and library screening were used [23], DNA 
sequences were determined using an ALF Sequencer (Pharma- 
cia LKB) and the Autoread Sequencing Kit (Pharmacia). The 
software packages pc/gene (Intelligenetics) and lasergene 
(dnastar, Inc.) were used for general sequence processing. 

Expression in £. coli 

The complete cDNA of barley NAS was reamplified using 
specific BamHl sites containing primers and the Expand High 
Fidelity DNA Polymerase (Boehringer). After BamHl diges- 
tion, the resulting fragment was cloned in both orientations into 
the BamHl site of the expression vector pET12a (Novagen). 



The gene product was synthesized in the E. coli expression 
strain 174 (DE3). 

Generation and analysis of tobacco antisense and sense 
plants 

The NAS-like gene sequence on Arabidopsis chromosome J 
was amplified by PCR from genomic Arabidopsis DNA 
using the following BamHl site-containing primers AR1 
(N-terminal sense): 5 '-CCGCCGG ATCC ATGGGTTGCC A A- 
G ACG AAC A ATTGGTGCAAAC-3 ' and AR2 (C-terminal 
antisense): 5 '-CCGCCGGATCCCGTCCTCCTTAAGACAAC- 
TGTTCC-3' and the proof reading polymerase of the Expand 
High Fidelity PCR System (Boehringer Mannheim). The 
resulting BamHl fragments were cloned in both orientations 
in the binary vector BinAR19 [24,25]. The leaf disc method 
was used for Agrobacterium-medmted transformation as 
described previously [26]. The presence of the transgene 
construct in independent tobacco lines was confirmed by PCR. 
The NA and iron contents were determined in young plants 
with 3-4 expanded leaves. 

RESULTS 

Purification and characterization of NAS from iron-deficient 
barley roots 

Iron deficiency conditions resulted in ~ fivefold increase of 
NAS activity in total barley roots (data not shown). This 
confirms previous results of Higuchi et al. [27]. Therefore, this 
material was used as a suitable source for enzyme isolation. 
Following the purification protocol described the enzyme was 
enriched 140-fold. The resulting single protein peak precisely 
coincided with the peak of enzyme activity. The pH optimum 
of the purified enzyme was pH 9.0, in close agreement with the 
data of Higuchi et al. [27]. Substrate saturation curves revealed 
maximum reaction velocity between 20 (xm and 30 u,m 
[ I4 C] AdoMet and an inhibitory effect of higher concentrations 
[12]. This inhibition is probably due to the instability of the 
AdoMet and its contamination with degradation products, such 
as 5-adenosyl-homocystein, L-homocy stein, 5-deoxy-methyl- 
thioadenine and the two diastereomers [28]. Due to the 
inhibition of NAS by its substrate degradation products, the 
K m value of 6.9 \xm AdoMet is an approximation. 

SDS/PAGE of the purified active protein fraction consis- 
tently revealed the presence of three polypeptides with 
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Fig. 2. (A) Electrophoretic separation of the proteins in the purified 
barley root extract, and (B) autoradiography after UV-cross linking with 
[ 14 C]-AdoMet. M, Molecular mass standard; 1-3, incubation times of 10, 
20 and 30 min at 254 nm, respectively. 



234 A. Herbik et al (Eur. J. Biochem. 265) 



© FEBS 1999 



molecular weights of 24, 28 and 38 kDa (Fig. 2). The amount 
of the 24-kDa polypeptide was not sufficient for sequencing. 
The four internal peptides derived from the 38-kDa polypeptide 
showed some homology to a hypothetical gene found on the 
BAC clone T02004 of A. thaliana, which exhibits a 50% 
similarity to myrosinase-associated proteins. The four internal 
sequences derived from the 28-kDa polypeptide originally 
did not show obvious homology to any sequence in the 
database. 

Both NAS and 1-aminocyclopropane-l-carboxylic acid 
(ACC) synthase, an important enzyme involved in ethylene 
biosynthesis, require AdoMet as substrate and pyridoxalphos- 
phate as a coenzyme. When the enzyme is catalytically active, a 



highly reactive vinylglycine intermediate was found to be 
covalently linked to the active site of the ACC synthase [29]. 
Because of the similarity between ACC and azetidine-2- 
carboxyl acid, a component of NA, a photo affinity labelling 
experiment with [ 14 C] AdoMet was performed. The 28-kDa 
polypeptide was the only one which could be labelled by UV 
cross linking, suggesting that this polypeptide binds AdoMet as 
it would be expected for NAS (Fig. 2). 

Tryptic digestion of the 28-kDa polypeptide and micro- 
sequencing of the resulting peptides revealed the following 
amino acid sequences: LEYELLAA, LEFEVLAVH, SFLY- 
PrVDPEEI and QFLAPIVDP. The corresponding oligonucleo- 
tide primer was derived from the latter peptide sequence. 



*. ... . .* ..*..* .*.** .*.,**..** .*.*... .* 

ARAl MG CQD EQLVQTICDLYEKISKLESLKPSEDVNILFKQLVSTCIPPNPNID 50 

ARA5 MA CQN NLWKQI IDLYDQISKLKSLKPSKNVDTLFGQLVSTCLPTDTNID 50 

HOR1 MDAQN KEVDALVQKITGLHAAIAKLPSLSPSPDVDALFTDLVTACVPPSP-VD 52 

HOR2 MGMEGCCSNKKVMEEEALVKKITGLAAAIGELPSLSPSPEVNALFTELVTSCIPPST-VD 5 9 

LYC1 MV CPNS NPVVEKVCELYEQISRLENLSPSKDVNVLFTDLVHTCMPPNP-ID 50 

MET1 MS CY I YWD — KI KRI AS RLEGMNYH FDEMDT SGVMPLLDEIEEIAHDSTIDFE 51 



*... ....* .** ..*. *** **.*.*..*.. . 

ARAl VTKMCDRVQEIRLNLI KICGLAEGHLENHFSSI LTS YQDN — PLHHLNI FPYYNNYL 105 

ARA5 VTNMCEEVKDMRANLI KLCGEAEGYLEQHFSTILGSLQEDQNPLDHLHIFPYYSNYL 107 

HOR1 VTKLGSEAQEMREGLI RLCS EAEGKLEAH YS DMLAA FDN PLDHLGMFPYYSNYI 106 

HOR2 VDALGPDAQEMRARLI RLCADAEGHLEAHYSDLLAAHDN PLDHLTLFPYFNNYI 113 

LYC1 VSKLCQKIQEIRSHLI KLCGQAEGLLESHFSKILSSYE NPLQHLHI FPYFDNY1 104 

MET1 SAKHILDDAEMNHALSLIRKFYVNLGMKLEMEKAQEVI ESDSPWETLRSFYFYPRYL 108 



.*. ** *..,★*.****.* .* ***. ** #> t ** 

ARAl KLGKLEFDLLEQNLNG-FVPKSVAFIGSGPLPLTSIVLASFHLKDTIFHNFDIDPSANSL 164 

ARA5 KLGKLEFDLLSQH-SS-HVPTKIAFVGSGPMPLTSIVLAKFHLPNTTFHNFDIDSHANTL 165 

HOR1 NLSKLEYELLARYVPGRHRPARVAFIGSGPLPFSSYVLAARHLPDAMFDNYDLCSAANDR 166 

HOR2 KLSQLEHGLLARHVPGPA-PARVAFLGSGPLPLSSLVLAARHLPDASFDNYDISGEANER 172 

LYC1 KLSLLEYNILTKN-TT-NIPKKIAFIGSGPLPLTSLVLATKHLKTTCFHNYDIDVDANFM 162 

MET1 ELLKNE-AALGRFRRG ERAVFIGGGPLPLTGILLS — HVYGMRVNVVEIEPDIAEL 161 



ARAl ASLLVSSDPDISQRMFFHTVDIMDVTESLKSFDWFLAALVGMNKEEKVKVIEHLQKHMA 224 

ARA5 ASNLVSRDPDLSKRMIFHTTDVLNATEGLDQYDVVFLAALVGMDKESKVKAIEHLEKHMA 225 

HOR1 ASKLFRADKDVGARMSFHTADVADLTGELAAYDWFLAALVGMAAEDKTKVIAHLGAHMA 226 

HOR2 ASRLVRADADAGARMAFRTADVADVTTELEGYDVVFLAALVGMAAEEKARLVEHLGRHMA 232 

LYC1 ASALVAADPDMSSRMTFHTADVMDVTCALKDYDVVFLAALVGMDKEDKVKVVDHLAKYMS 222 

MET1 SRKVIEGLGVDGVNVI TGDETVIDGL'E-FDVLMVAAL AEPKRRVFRNIHRYVD 213 

* . ** . . . *** ... * * . . . . ... 



**,.*.. **.*.*.***.*..* 

ARAl PGAVLMLRSAHGPRAFLYPIVEPCDLQ--GFEVLSIYHPTDDVINSWISKK 27 4 

ARA5 PG AVLMLRSAHALRAFL Y P I VDS S DLK — G FQLLT I Y H PTDDWN S VV I ARK 275 

HOR1 DG AAL WRS AHG H VG FL Y PIVDPQDIGRGG FEV 1AVC H P DD D WN SVIIAHKSKDVH — A 284 
HOR2 PG AAL WRS AHG ARG FLY P VV D PEE I RRGG FE VLT VH HPEDEVINSVII ARKAAAP P P VA 292 
LYC1 PGATLMLRSAHGARAFLYPVLDPRDLR — GFEVLSVYHPTDEVINSVIIARK 272 

MET1 TETRIIYRTYTGMRAILYAPVSDDDIT-- GFRRAGWLPSGKVNNTSVLVFK 263 

* . . . * * . . . . * . * * . * 



ARAl HPWSIGNVGGPNSCLLKP-CNCSKTHAKMN KNMMIEEFGAREEQLS 



ARA5 
HOR1 
HOR2 
LYC1 

MET1 



LGGPTTPGVNGTRGCMFMP-CNCSKIHAIMNNRGKKNMIEEFSAIE 

NERPNGVVDSTRGAVPV-VSPPCRF--G EMVADVTHKR EEFTNAEVAF- 

ADRDVPVNMPMPAQCAVAVSRPC-L — GCACELGARAHQKM KEIAMEEMEA- 

LPVPSVPLLDGLGAYVLPSKCACAEIHA-FNPLNKMNLVEEFALEE 



-CPD- 



320 
320 
329 
340 
317 

266 



Fig. 3. Sequence alignment of the two 
different barley NA synthases (HOR1 and 
HOR2) with functionally unknown proteins of 
A thaliana (ARAl and ARA5) and the 
chloronerva gene (LYC1) of tomato. Amino 
acid positions are given at the right. Positions 
with identical and functionally similar amino 
acids are indicated as (*) and !.). respectively. 
The asterisks and points above the alignment 
represent the similarity among the plant 
sequences only. The symbols below the 
alignment additionally include the sequence from 
M. thermoautotrophicum (MET1). 
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Nicotianamino synthase activity 

10 

9 \ 




Fig. 4. Expression of the NAS specific cDNA in E. coli. The activity is 
given in pmole NA«mg -l «rain -1 . Extracts of bacteria carrying the empty 
expression vector as well as barley extract were used as control. E. coli 5 
and 8 represent two independent clones (with and without heat denaturation 
at 100 °C for 5 rain). 



Cloning and sequence analysis of a putative NAS specific 
cDNA 

To isolate the 28-kDa polypeptide encoding cDNA, the peptide 
derived oligonucleotide 5 '-CARTTYGCNCCNATHGTN- 
GAYCC-3' was used for 3'RACE. Total RNA was isolated 
from barley roots grown under iron deficiency conditions. A 
0.6-kb DNA fragment was amplified between the gene-specific 
primer and the anchor primer. The nucleotide sequence of this 
fragment predicts an amino acid sequence which includes the 
N-terminal peptide FLYPIVDPE as well as the subN-terminal 
peptide FEVLAVH. Both peptides correspond to that derived 
from peptide sequencing, suggesting that the 0.6-kb sequence 
represents a partial cDNA fragment specific for the 28-kDa 
polypeptide. 

The 0.6-kb fragment was used to screen a phage library of 
barley cDNA clones. Several clones have been isolated. The 
nucleotide sequences of the full-length clone NASHOR1 
predicts a polypeptide of 330 amino acid residues and a 
molecular mass of 35 611 Da [30] and the full-length clone 
NASHOR2 predicts a polypeptide of 340 amino acids and a 
molecular mass of 36 312 Da. A third cDNA predicts an amino 
acid sequence identical to that of NASHOR2 but exhibits minor 
nucleotide changes in the 5' and 3' nontranslated regions. Small 
differences in the sequences of additional partial cDNA clones 
suggest the existence of a small multigene family in the barley 
genome. At least two loci of NAS-like gene sequences were 
located in the barley genome on chromosome 2H and 6H (V. 
Korzun, IPK Gatersleben, personal communication). In 
addition to the recently described NAS genes from barley 
[18], a database search revealed homology to several anony- 
mous open reading frames (ORFs) found in the genomic DNA 
of A. thaliana. One homologous ORF is present on the BAC 
clone T12M4 (AC003114) derived from chromosome 1 and 
another one was found on the PI clone MDA7 (ABO 11476) 
derived from chromosome 5 (Fig. 3). The latter sequence is 
highly similar but not identical to another ORF on the PI clone 
MUG 13 (AB005245) also derived from chromosome 5. Finally, 
a partial similarity could be detected with an ORF on the BAC 



clone M3E9 (AL022223) derived from the Arabidopsis 
chromosome 4. 

Although the databases used included several total bacterial 
genomes as well as the genome of yeast, a NAS-like sequence 
was found only in the genome of Methanobacterium thermo- 
autotrophicum (gene MTH675 of the complete genome, 
accession number AE000847). 

In addition, the newly described proteins NASHOR1 and 
NASHOR2 exhibit 46% and 49% similarities at the amino 
acid sequence level, respectively, to the recently described 
chloronerva gene of tomato [31]. 



NAS activity in £ coli 

The 28-kDa protein described was isolated from a NAS active 
fraction as one of three polypeptides. Moreover, as expected for 
NAS, it represents the only polypeptide in the fraction which 
was labelled by crosslinking with AdoMet (see above). For a 




• Molecular weight standards 
■ NA-synlhase 

Fig. 5. Apparent molecular mass determination of the native NAS 
(NASHOR1) of barley. (A) Gel filtration on Superdex HR 30/10 was used 
on a purified preparation from barley roots. Size standards: 1 , DNP-alanine 
(0.255 kDa); 2, cytochrome c (12.4 kDa); 3, myoglobin (17.8 kDa); 4, 
ovalbumin (45 kDa); 5, BSA (67 kDa); 6, catalase (240 kDa); 7, ferritin 
(450 kDa). The position of the active fraction is indicated by ■. (B) Gel 
filtration of purified E. coli extract on Superdex HR. Size standards: 1, 
myoglobin (17.8 kDa); 2, ovalbumin (45 kDa); 3, BSA (67 kDa); 4, 
hexokinase (100 kDa); 5, (3-galactosidase (116 kDa); 6, 7-globulin 
(150 kDa); 7, catalase (240 kDa). The position of the active fraction is 
indicated by ■. 
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Fig. 6. NA concentrations in transgenic tobacco plants. Forty indepen- 
dent transgenic tobacco lines based on the NASARA1 -encoding gene 
were compared to 20 wild -type plants. The NA concentrations are given 
in |xg-(g fresh weight) -1 . The NA concentrations in young leaves are 
significantly (P = 0.001) lower in the antisense plants. 



more definite proof that the protein indeed represents the NAS 
enzyme, the corresponding cDNA was expressed in E. coll As 
shown in Fig. 4 NAS activity was detected in two independent 
clones containing the barley cDNA specific for NASHOR1 
under the control of the inducible T71ac promoter of the 
expression vector pET12a. The vector control extracts were 
inactive. The enzyme activity was strongly reduced by heat 
treatment. A barley root extract was tested in parallel. Taken 
together, the data clearly demonstrate that the cloned cDNA 
represents a NAS of barley. 

To determine the native molecular mass of the enzyme, 
the protein extract was subjected to gel filtration (Fig. 5). 
The active fraction eluted between the size marker 
proteins hexokinase with a molecular mass of 100 kDa 
and p-galactosidase with a molecular mass of 116 kDa. A 
corresponding experiment was performed with the active NAS 
purified from barley roots (Fig. 5). Here the active fraction 
eluted between the size marker proteins BSA (molecular mass 
67 kDa) and catalase (240 kDa). In both cases the activity peak 
eluted at a molecular mass of ~ 105 kDa. A comparison with 
the molecular mass predicted from the amino acid sequence 
suggests that the native enzyme probably acts as a trimer. 




Fig. 7. Phenotype of transgenic tobacco antisense plants. The plants 
were transformed with an antisense construct based on the NASARA5- 
encoding gene. Three independent lines and a non transformed wild-type 
control plant (above right) grown under the same conditions are shown. 
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Fig. 8. Dendrogram of known NAS-like sequences. Alignment and 
distance analysis was performed with the MegAlign tool of the LAvSERGENE 
software package (dnastar). The branch lengths represent the distance 
between sequences. The units at the bottom line indicate the number of 
substitution events. 

Analysis of antisense and sense constructs in transgenic 
tobacco 

As an additional test for NAS function antisense and sense 
constructs of the Arabidopsis NASARA1 and NASARA5 
encoding genes on chromosome 1 and 5 were transferred into 
tobacco. The dicot Arabidopsis sequences were used to increase 
the chance for an antisense effect. In total 40 independent 
transgenic antisense lines were generated with NASARA 1 . The 
NA concentrations in these antisense lines were compared with 
those in 20 nontransformed wild-type plants (Fig. 6). In spite of 
great variation of the NA concentration in young leaves 
even in the wild-type the data demonstrate a significant 
reduction (P = 0.001) of the NA concentration in the antisense 
plants. Further analyses (data not shown) demonstrated that the 
iron concentration in leaves of antisense plants (49.8 ±2.1 
ixg-g dry weight -1 ) was significantly higher than in sense 
plants (37.5 ±5.2 jxg-g dry weight" 1 ). Moreover, we have 
generated transgenic tobacco lines based on a NASARA5 
antisense construct. At least three lines of these antisense plants 
exhibit a chlorotic chloronerva-Yikt phenotype in young leaves 
(Fig. 7). Wild-type plants as well as control plants carrying the 
construct in sense orientation do not show the symptoms. 



DISCUSSION 

Iron is both an essential and a potentially toxic component of 
all living cells. In plants, disturbances of iron acquisition causes 
complex deleterious effects, as demonstrated by the tomato 
mutant chlotvnerva. This mutant lacks the nonproteinogenous 
amino acid NA. In strategy I plants such as tomato, failure of 
NA synthesis leads to the permanent activation of iron 
acquisition processes in roots including proton extrusion and 
increased ferric chelate reductase activity. Thus, in mutant 
leaves iron is accumulated to nonphysiologically high con- 
centrations leading to the precipitation of iron in different cell 
compartments and organelles [32,33]. 
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It has been suggested that NA is involved in intracellular iron 
binding, buffering and transport. The activity of iron-containing 
enzymes involved in iron stress defence is strongly increased 
[34] and their concentration significantly increased [11], 
respectively, in the NA-free but iron accumulating chloronerva 
mutant whereas the activity of the iron-metabolizing ferro- 
chelatase of tomato chloroplasts is restricted by the presence of 
NA [35]. Possibly, it binds proteins potentially involved in iron 
sensing processes. In addition to these functions, in strategy II 
plants such as grasses, NA is used as substrate for the synthesis 
of the phytosiderophores of the mugineic acid family. These 
strong ferric chelators are excreted and taken up by roots after 
iron complexation. Recently it has been suggested that NA is 
involved in protecting the cell from oxidative damage [8]. The 
central role of NA in the regulation of iron acquisition for both 
strategies requires its highly controlled synthesis from three 
molecules of AdoMet by the enzyme NAS. 

Besides the recently published NAS-encoding genes of 
barley [18], the cDNA derived amino acid sequence of the 
enzymatically active protein shows no obvious overall sequence 
similarity to previously described proteins, indicating that it 
represents a novel class of enzyme. Based on amino acid 
sequence distances most of the known NAS-like sequences 
have been arranged in a dendrogram (Fig. 8). A distantly 
related sequence from M. thermoautotrophicurn (see below) is 
used as outgroup. The tree clearly reveals a distinct dicot and 
moncot cluster. It also shows the close relationship between 
NASHOR1 described in this study and the HVNAS6 sequence 
analysed by Higuchi et al. [18]: the sequences are highly 
similar but are not identical. The differences between these two 
genes might be due to polymorphisms between the barley 
varieties used. Moreover, the data demonstrate that NASHOR2 
is only distantly related to the other sequences described by 
Higuchi et al. [18] and obviously represents a new NAS-like 
gene of barley. It remains to be analysed whether all of these 
genes encode active NAS enzymes and whether they are 
differentially expressed in plant organs and/or developmental 
stages. 

Interestingly, only one NAS-like sequence could be detected 
in the database used outside of the plant kingdom. A very 
distantly related protein sequence could be found in the genome 
of the archaeon M. thermoautotrophicurn, but not in bacterial or 
yeast genomes. The sequence was used as outgroup to construct 
the similarity gene tree shown in Fig. 8. As this archaeon is 
known as a symbiotic species of eukaryotes one might 
speculate that plant NAS-like genes originate from a horizontal 
gene transfer event. Whether the archaeon gene product is 
enzymatically active is not yet known. Remarkably, this 
NAS-like gene sequence of M. thermoautotrophicurn is flanked 
(3.4 kb upstream) by a gene sequence (MTH673) which 
resembles a Mg chelatase-encoding gene. Whether this is of 
any functional significance remains to be determined. 

The amino acid sequence of the active enzyme also lacks 
domains similar to other enzymes which accept AdoMet as 
substrate as well, like DNA-methylases, other AdoMet- 
dependent methyl transferases and ACC synthase [36], This 
might be explained by different substrate binding and/or 
reaction mechanisms. Thus, methylases catalyse the transfer 
of the methyl group and ACC-synthase catalyses the formation 
of a cyclopropane ring from the methionine skeleton itself. In 
contrast, the NAS reaction mechanism probably involves the 
coupling of three methionine skeletons in total, perhaps 
resembling nonribosomal peptide synthesis. 

The molecular mass of the active enzyme in purified 
barley extracts as well as after expression in E. coli was 
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determined to be « 105 kDa (Fig. 5). The molecular mass 
of the cDNA-derived amino acid sequences of NASHOR1 and 
NASHOR2 were calculated to be 35 611 and 36 312 Da, 
respectively. These values suggest that the native enzyme 
probably consists of three subunits. It is not yet known whether 
various subunits encoded by different genes can be assembled 
into an active holoenzyme. The trimeric structure of the active 
enzyme is in striking contrast to the interpretation suggested by 
Higuchi et al. [18]. These authors determined the molecular 
mass of NAS in a partially purified barley extract and 
tentatively conclude that native NAS exists as a monomer. 
The reason for this dicrepancy is not yet clear. We have 
analysed the native molecular mass of the active fraction both 
in highly purified barley extract as well as in extracts from 
recombinant E. coli cells to be 105 kDa. Nevertheless, we 
cannot completely exclude that this size is the result of 
aggregation. Otherwise, it is possible that both forms exhibit 
(perhaps different) enzyme activity. In this case it is 
conceivable that the trimerization vs. monomerization could 
be the basis of a putative mechanism of regulation of enzyme 
activity, but this remains to be analysed further. 

It has been proposed that NA is synthesized either from three 
molecules of AdoMet [27] or from three molecules of 
azetidine-2-carboxylic acid [37,38]. Although details of the 
reaction mechanism are not yet known (see above), one might 
speculate that three subunits are necessary for the initial 
binding of three substrate molecules. The detected enzyme 
activity after expression of the subunit specific cDNA in E. coli 
further demonstrates that the proposed trimeric holoenzyme is 
able to catalyse both the linkage of three substrate molecules 
and the formation of the azetidine ring. The synthesis of 
sufficient amounts of active NAS in E. coli provides an 
excellent prerequisite for the analysis of the reaction mechan- 
ism and might facilitate the crystallization of the enzyme. 

The pleiotropic phenotype and the lack of NA in the tomato 
mutant chloronerva suggested that either the NAS gene or its 
regulation is affected by the mutation. The recent identification 
of the chloronerva gene by map-based cloning [31] revealed 
extensive sequence similarities between the chloronerva gene 
and the NAS gene of barley (Fig. 3). This supports the 
conclusion that a mutation in the tomato NAS-encoding gene is 
the molecular basis of the chloronerva mutation. This 
conclusion is further supported by the expression of antisense 
constructs in transgenic tobacco plants. As shown in Fig. 6 the 
NA content is significantly reduced in plants transformed with 
an antisense construct of the NAS-like Arabidopsis gene 
sequence NASARA1. As expected from various other antisense 
experiments the antisense effect varies in different transgenic 
lines probably because of position effects. To date we have not 
found a transgenic tobacco line with undetectable amounts of 
NA as it is the case in the chloronerva mutant of tomato. One 
reason for the limited effect on NA content could be the 
insufficient similarity between the Arabidopsis and the tobacco 
NAS gene sequence. Currently, we are analysing the function of 
the antisense construct in the homologous Arabidopsis host 
background. 

The significantly higher iron concentration in the antisense 
plants is probably the consequence of the lowered NA 
concentration (Fig. 6). As in the mutant chloronerva, the 
enhanced activity of the iron acquisition reactions is considered 
to be the reason for the increased iron uptake. 

Finally, we could demonstrate the occurrence of a chloro- 
nerva-like phenotype in at least three different transgenic 
tobacco lines using antisense constructs based on NASARA5 
(Fig. 7). To our knowledge this is the first demonstration of the 
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phenotype in a plant other than the chloronerva mutant of 
tomato. As it is also observed on older leaves of chloronerva, 
the phenotype is partially transient and disappears at later 
developmental stages. 

In summary, the availability of NAS gene sequences both 
from dicots and monocots is the basis for further investigations 
concerning the regulation of iron homeostasis in plants and 
provides promising tools for the manipulation of iron acquisi- 
tion processes in crop plants. 
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Summary 

Despite its ubiquitous presence, the role of glyoxalase I 
has not been well investigated in plants. In order to 
find out its physiological functions, we have cloned and 
characterized a cDNA from Brassica juncea encoding glyox- 
alase I [Gly I) and made transgenic tobacco plants har- 
bouring Gly / in both sense and antisense orientation. The 
transgenic nature of the plants was confirmed by Southern 
blotting, and the estimated number of genes inserted 
ranged from one to six. The transcript and protein levels 
of glyoxalase I were also monitored in transgenic plants. 
The expression of glyoxalase I in B. juncea was upregulated 
in response to salt, water and heavy metal stresses. In 
response to a high concentration of salt, the transcript 
level averaged threefold higher in 72 h, and an increase 
in the protein was also seen by immunoblotting. The 
transgenic plants over-expressing glyoxalase I showed 
significant tolerance to methylglyoxal and high salt, as 
tested in detached leaf disc senescence assay. A compar- 
ison of plants expressing high and low levels of glyoxalase 
I showed that the tolerance to different salt concentrations 
was correlated with the degree of glyoxalase I expression. 
Our results suggest an important role of glyoxalase I in 
conferring tolerance to plants under stress conditions. 

Introduction 

The glyoxalase system is ubiquitous in nature and consists 
of two enzymes: glyoxalase I (EC 4.4.1.5) and glyoxalase II 
(EC 3.1.2.6), which act co-ordinately to convert 2-oxoal- 
dehydes into 2-hydroxyacids using reduced glutathione as 
a cofactor (reviewed in Thornalley, 1993). The reaction 
catalysed by glyoxalase I (Aronsson etal., 1978; Mannervik, 
1980; Sellin etal., 1983) and glyoxalase II (Uotila, 1989) is 
shown in Figure 1. Methylglyoxal is a primary physiological 
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substrate for glyoxalase I (Kalapos, 1994; Phillips and 
Thornalley, 1993). It is a potent cytotoxic compound known 
to arrest growth and react with DNA and protein (Papoulis 
et a/., 1995), and increases sister chromatid exchanges 
(Faggin etal., 1985; Thornalley, 1990). 

Glyoxalases in animals and microbial systems have been 
known for more than 80 years. However, the physiological 
significance of this system is still unclear. The glyoxalase 
system has been proposed to be involved in protection 
against a-oxoaidehyde cytotoxicity, regulation of cell divi- 
sion and proliferation, microtubular assembly, vesicle 
mobilization, growth of tumours, and clinical complications 
associated with various diseases, for example diabetes 
mellitus (reviewed in Thornalley, 1990, 1993). 

Glyoxalase I and II have been purified and characterized 
from a few plant species (Deswal etal., 1993). An increased 
glyoxalase I activity was reported in rapidly dividing and 
non-differentiated cells/tissues compared with differenti- 
ated tissues (Deswal ef al., 1993; Paulus et a/., 1993; 
Ramaswamy ef a/., 1983, 1984; Seraj era/., 1992; Sethi etal., 
1988). Treatments that stimulate cell growth, including 
hormones (auxins, cytokinins, etc.) and light, also increased 
glyoxalase I activity (Chakravarty and Sopory, 1990, 1998). 
Conversely, inhibition of cell growth resulted in lower 
levels of glyoxalase I activity (Deswal et al., 1993; Paulus 
etal., 1993; Sethi etal., 1988). Accordingly this system has 
been often regarded as a 'marker for cell growth and 
division' (Paulus et al., 1993). However, a causal relation- 
ship between glyoxalase activity and rapid cell growth has 
not yet been established. In fact, tomato glyoxalase I 
was upregulated in response to salt stress, osmotic and 
phytohormonal stimuli (Espartero ef al., 1995). The ubiquit- 
ous nature and high expression of glyoxalase I in meta- 
bolically active cells/tissues, such as meristematic, newly 
dividing cells, or cells undergoing stress, indicate the 
fundamental importance of this system in plants. 

Genes encoding glyoxalase I enzyme have been isolated 
and characterized from few microbial and mammalian 
species, such as Pseudomonas putida (Lu etal., 1994; Rhee 
et al., 1988), Homo sapiens (human) (Kim ef al., 1993; 
Ranganathan et al., 1993; Ridderstrom and Mannervik, 
1996), Saccharomyces cerevisiae and Schizosaccharo- 
myces pombe (yeast) (Devlin et al., 1995; Gentles ef al., 
1995; Inoue and Kimura, 1996), Escherichia coli (Daub etal., 
1996) and Salmonella typhimurium (Clugston etal., 1997). 
Glyoxalase II gene has also been cloned from human 
(Ridderstrom et al., 1996) and yeast (Bito et al., 1997). A 
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MeCOCHO + GSH MeCOCH(OH)*SG » M«CH(OH>COSG 

MeCH(GH)CO.SG ♦ H 2 0 > M*CH{OH)COOH + QSH 

5D-Lactov!g<««lh*cr* fMjicte WW RMbcM 

Rgure 1. The reaction catalysed by glyoxatase I and glyoxalase II. 

significant conservation was observed among the glyoxal- 
ase I and glyoxalase II sequences at the nucleotide as well 
as at the protein level. Recently the 3-dimensional structure 
of human glyoxalase I was determined, which should 
help in exploring the mechanism of glyoxalase l-catalysed 
reactions (Cameron et at., 1997). In comparison with the 
studies on micro-organisms and human, the only published 
cDNA sequence of glyoxalase I from plants is of tomato 
(Espartero et al, 1995) and two genes for glyoxalase II 
from Arabidopsis (Maiti ef al, 1997; Ridderstrom and 
Mannervik, 1997). 

To investigate the physiological significance of the glyox- 
alase system in plants, we have cloned and characterized 
a glyoxalase I gene from Brassica juncea. The expression 
of glyoxalase I in this system was found to be upregulated 
in response to salt, water and heavy metal stresses. In 
order to decipher its functional importance, the Gly I gene 
from Brassica was introduced into tobacco plants in both 
sense and antisense orientation. The detached leaves from 
plants over-expressing glyoxalase I showed significant 
tolerance against high concentrations of salt and methyl- 
glyoxal, compared with the wild type and antisense trans- 
genic plants. The present data suggest that glyoxalase I 
may have an important role during stress. 

Resurts 

Isolation of glyoxalase I cDNA clone from B. juncea 

As a part of our study to understand the physiological 
significance of the glyoxalase system in higher plants, we 
isolated and characterized the gene for glyoxalase I from 
B. juncea. The glyoxalase I enzyme was purified to homo- 
geneity as described elsewhere (Deswal and Sopory, 1991) 
and polyclonal antibodies were raised against the purified 
protein. Immunoprecipitation assays and Western blot ana- 
lysis suggested a high specificity of these antibodies for 
glyoxalase I protein (data not shown). A mannitol-stressed 
cDNA expression library was prepared and immuno- 
logically screened. Eight immunopositive clones were iden- 
tified, rescreened and purified until homogeneous. A 
sequence analysis of the longest insert (pBSGLYIVA3) sug- 
gested that it encodes a full length cDNA, which is 784 bp 
in length with an ORF of 558 bp, a 5' untranslated region 
of 44 bp, a 3' untranslated region of 163 bp including a 
consensus polyadenylation signal, and a 19-bp poly(A)+ 



tail (Genbank accession number Y13239). The deduced 
amino acid sequence revealed a protein consisting of 185 
amino acid residues with a predicted mass of 20.782 kDa. 
The alignment of the deduced amino acid sequence from 
the B. juncea Gly I (B,\ Gly I) with the tomato Glx I indicated 
significantly high homology (80%) between them. Figure 2 
shows the alignment of B.j GLY I with human, 
Pseudomonas, yeast, £ coli and Salmonella glyoxalase I 
sequences. A significant homology throughout the coding 
region suggested the evolutionarily conserved nature of 
the protein. Amino acid residues that are proposed to be 
involved in metal and glutathione binding sites were also 
found to be conserved among all glyoxalase I sequences. 

Over-expression of Gly I from B. juncea in E. coli 

To verify that the isolated cDNA clone from B. juncea 
indeed codes for functional glyoxalase I, the complete ORF 
was cloned underthe control of the T7 promoter in pRSETA 
vector (Novagen) to get a recombinant plasmid pRSETA- 
Glyl, and over-expressed in £ coli [BL21(DE3)]. Following 
induction with IPTG (0.5 mM), the over- ex pressed Gly I 
showed 1200-fold higher glyoxalase I activity compared 
with cells transformed with vector alone (550.47 units mg" 1 
protein versus 0.444 units mg" 1 protein). SDS-PAGE ana- 
lysis showed a highly expressed 24 kDa additional protein 
in £ coli transformed with pRSETA-G/y /(data not shown). 
Western blot analysis (Figure 3, inset) identified the over- 
expressed Gly I in the soluble extracts from only induced 
£ coli cells transformed with the recombinant plasmid. 
However, a faint band at the 34 kDa position in an extract 
from uninduced £ coli cells might represent the endogen- 
ous glyoxalase I of the host cells (Thornalley, 1990). 

To check the sensitivity of £ coli cells over-expressing 
glyoxalase I, the transformed cells with recombinant and 
control plasmids were grown on medium containing 
increasing concentrations of methylglyoxal. As shown in 
Figure 3, the growth of the control cells was completely 
inhibited at a 6 mrvi concentration of methylglyoxal com- 
pared with the cells over-expressing glyoxalase I, which 
were found to withstand methylglyoxal up to 20 mM. All 
these experiments clearly established that the recombinant 
cDNA clone isolated in the present study codes for a 
functional glyoxalase I protein. 

Upregulation of Gly I under abiotic stress in B. juncea 

Total RNA from cotyledon a ry leaves of the Brassica seed- 
lings stressed with different concentrations of sodium 
chloride, mannitol and zinc chloride was isolated and 
probed with radiolabelled G/v/cDNA under high stringency 
condition. As seen in Figure 4, a transcript of 
approximately 0.8 kb was detected and a dose-dependent 
upregulation of the glyoxalase I transcript was observed. 
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figure 2. M u It i -sequence alignment of the deduced amino acid sequence of the G/v7cDNA clone from B.juncea with previously reported glyoxalase I sequences. 
Sequences were aligned using the MacVector ClustalW program. Amino acid residues conserved in all sequences are boxed together. The residues that are 
identical to B.j GLY I sequence are shaded dark grey, those that are conserved but not identical are in a white background. The positions of the amino acid 
residues in the original sequences are indicated on right. Predicted domains of conserved secondary structure are indicated by bars (a helix; p sheet). The 
underlined sequence represents the proposed catalytic loop region. Probable residues involved in metal binding are marked by 'M', to glutathione by 'G' 
and putative phosphorylation sites by '*'. B.j, B. juncea (GenBank accession number Y13239); S.I, Solatium lycoperscicum (Z48183); H.s, Homo sapiens 
(L07837); P.p. Pseudomonas putida (L33880); S.c, Sacch3romycescerews/ae(P501u7), S.p, Schizosaccharomycespombe{QQ97b)) l S t, Salmonella typhimurium 
t U 57364); E.c, £ coli (U57363). 
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figure 3. Methylglyoxal cytotoxicity test on £ coli cells over-expressing 
G/y/cDNA. 

Escherichia coli cells transformed with pRSETA-G/y / (•) and pRSETA (O) 
vector were plated on LB amp medium supplemented with 1 mM of IPTG 
and various concentrations of methylglyoxal (0 -30 mM). The inset shows 
an immunoblot of protein profiles of uninduced and induced £ coli cells 
transformed with pRSETA-G/y / after 2 h of induction with 0.5 mM IPTG. 
Soluble protein extract from B. juncea was used as a control. 



Treatment with 800 mM of sodium chloride resulted in a 
three to 3,5-fold increase, whereas mannitol (400 mM) and 
zinc chloride (200 mM) showed two- to threefold enhance- 
ment in the level of the transcript. As maximum induction 
of the Gly I transcript was observed during the salt stress, 
all further studies were concentrated on salt-induced 
expression of glyoxalase I gene. As shown in Figure 5, it 
follows that the steady-state levels of Gly I transcript 
increased with the duration of salt treatment in cotyl- 
edonary leaves (Figure 5a) as well as in roots (Figure 5b), 
and at 72 h an approximately threefold higher level was 
seen compared with control. Western blot analysis also 
showed a significant accumulation of glyoxalase I protein 
in a time-dependent manner (Figure 5, inset). Consequently 
there was also an increase in the specific activity of glyoxal- 
ase I (nearly threefold). 

Over-expression of Gly I in tobacco plants 

To establish the functional significance of the glyoxalase I 
in plants, Gly / from B.junceawas over-expressed as well 
as downregulated in tobacco plants using a transgenic 
approach. The Gly I cDNA was cloned into pBI121 
(Clontech) in both sense and antisense orientations under 
the control of the CaMV 35S promoter. The details of the 
construct used in transformation of tobacco are shown 
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figure 4. Induction of Gly I in response to abiotic stresses. 
Total RNA was isolated from cotyledonary leaves of ft juncea seedlings 
that were stressed with different concentrations of sodium chloride, 
mannitol and zinc chloride for 72 h. The Gly / (approximately 0.8 kb} 
transcript is shown by an arrow. The same blot was reprobed with 16S 
rRNA to show the loading control of RNA. 

in Figure 6(a). The preliminary screening of kanamycin- 
resistant putative transgenic plants was done using a 
histochemical GUS assay (Jefferson, 1987) and by analys- 
ing the expression of the reporter gene (GUS or uidA). A 
total of 150 kanamycin-resistant and uidA- positive plants 
was selected. Out of these, a few transgenic plants (seven 
plants derived from the transformation experiments with 
plasmid pBIS-1 and four plants each from experiments 
with plasmids pBIS-2 and pBI-A) were analysed for stable 
integration, copy number and expression ofthetransgenes. 
Figure 6(b) shows a Southern blot analysis using the Gly I 
gene as a probe. A common band of expected size 
approximately 0.8 kb was detected in all transgenic lines, 
because digestion of genomic DNA isolated from these 
plants with EcoRI enzyme released a Gly I cDNA fragment 
from all the constructs used in the transformation experi- 
ment. The intensity of the hybridized signal in each lane 
was variable, indicating the multiple insertion of the Gly I 
gene in the tobacco genome. The estimated number of the 
genes inserted in various plants ranged from one to six 
copies. In addition, restriction digestion of genomic DNA 
from the same set of selected transgenic plants with BamH\ 
resulted in the appearance of bands at different positions, 
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Figure 5. Kinetics of glyoxalase I expression in response to salt stress. 
The 4-day-old ft juncea seedlings were either treated with or without 
800 mM sodium chloride and grown for different time periods (0, 24, 48 
and 72 h). 

(a) Total RNA (30 ng) isolated from cotyledonary leaves and roots of the 
salt-treated seedlings was probed with radiolabeled Gly I gene. The same 
blot was reprobed with 16S rRNA or actin to show the loading control 
of RNA. 

(b) Glyoxalase I activity and protein levels (in inset) in the cotyledonary 
leaves and roots of salt-treated seedlings. For Western analysis total soluble 
proteins isolated from cotyledonary leaves (2 fig) and roots (5 ng) were 
transferred onto nitrocellulose membrane and immunostained with 
glyoxalase I antibodies. 

suggesting that transgenic lines are produced from differ- 
ent transformation events (data not shown). 

Plants transformed with sense and antisense constructs 
were analysed forthe presence of G/v/and uidA transcripts. 
Figure 6(c) shows the hybridization pattern of total RNA 
probed with Gly I cDNA, which revealed the presence of 
^ 0.8 kb transcript in all the transgenic plants transformed 
with pBIS-1, and two transcripts of « 0.8 kb and 2.7 kb 
in pBIS-2-transformed plants. The presence of 0.8 kb 
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Figure 6. Transformation of tobacco using Gly I gene. 

(a) Schematic representation of constructs used to express Gly / in tobacco plants. 

(b) Southern blot analysis of transgenic plants. Genomic DNA (10 \iq) isolated from the leaves of the kanamycin-resistant tobacco plants transformed with 
pBI-SI , pBI-S2 or pBI-A constructs were digested with EcoRI and probed with the radiolabeled G/v/cDNA fragment. 

(c) Expression of Gly I and uidA genes in transgenic tobacco. Northern blots of total RNA (30 ng) isolated from transgenic plants were hybridized with 
radiolabeled Gly I, uidA, and 16S rRNA gene probes. The same blot was hybridized after stripping the earlier probe each time, The individual Gly I, uidA 
transcripts, the fusion transcript between Gly I and uidA, depending upon the type of construct used in the transformation, and the 16S rRNA transcripts are 
indicated by arrows. 

(d) The glyoxalase activity and protein level (in inset) in wild-type and transgenic tobacco plants. The immunoblot was developed with glyoxalase I 
polyclonal antibodies. 



transcript indicates that transcription initiation and termina- 
tion of Gly I occurs on its own, which was expected due 
the presence of transcription initiation (ATG), termination 
(TGA) and poly(A)+ signals in the cloned cDNA fragment 
in the vectors (pBIS-1 and pBIS-2). In pBIS-2 the ~ 2.7 kb 
hybridizing signal represents the fusion transcript between 
Gly I and uidA. In pB!-A-transformed plants, Gly I was 
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placed in antisense orientation, therefore only a single 
fusion transcript of size » 2.7 kb between Gly I and uidA 
was observed. When the same blot was probed with uidA, 
an expected transcript of « 1.9 kb, corresponding to the 
size of uidA, was detected in the plants transformed with 
pBIS-1 vector (dueto an independent transcription termina- 
tion signal for the Gly I in these vectors), and a ~ 2.7 kb 
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figure 7. Retardation/promotion of methylglyoxal-promoted senescence in 
transgenic tobacco plants by over-expression or downregulated expression 
of Glyi. 

Phenotypic differences (a) and chlorophyll content (mg g~ 1 fresh weight) 
(b) from methylglyoxal-treated leaf discs of transgenic plant NtBISI— 11 
(transformed with Gly I sense construct pBI-S1), NtBIA-14 (transformed 
with Gly I ant i sense construct, pBI-A) and wild-type plants floated in 5 mM 
and 20 mM of methylglyoxal solution for 24 h under continuous white light 
(100nEm- 2 sec- 1 ) at 25 ± 2°C. 
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Figure 8. Retardation of salt stress-promoted senescence in transgenic 
tobacco plants over-expressing Gly I 'm sense. 

Phenotypic differences (a} and chlorophyll content (mg g" 1 fresh weight) 
(b) from sodium chloride-treated leaf discs of transgenic plants transformed 
with Gly I sense construct, pBI-S1 (NtBIS1-11 and NtBIS1-15) and wild- 
type plants floated in 400 mM and 800 mM sodium chloride solution for 
72 h under continuous white light (100 nEm" 2 sec' 1 ) at 25 ± 2°C 



transcript in the plants transformed with pBIS-2 and pBI- 
A vectors. 

Western blot analysis of the transgenic tobacco plants 
transformed with pBI-SI and pBI-S2 vectors showed higher 
levels of glyoxalase I protein (Figure 6d, inset). As seen in 
Figure 6(d), the B. juncea glyoxalase I antibodies also 
cross-reacted with a « 27 kDa protein of wild-type tobacco. 
The activity of glyoxalase I in these transgenic plants was 
higher (up to sixfold in NtBIS-11) compared with the 
wild type. Plants expressing Gly I in antisense orientation 
showed a lower level of glyoxalase I protein and enzyme 
activity compared with the wild-type tobacco plants, indi- 
cating that inhibition in the expression of endogenous 
glyoxalase I is due to the presence of antisense Gly I 
mRNA. However, transgenic plants expressing glyoxalase 
I in sense and antisense were found to be morphologically 
indistinguishable from wild-type plants. 



Tolerance of transgenic tobacco plants against 
methylglyoxal and salt 

Leaf discs of transgenic tobacco plants were floated either 
on methylglyoxal or sodium chloride solutions for 24 h 
and 72 h, respectively. Figure 7(a) shows the phenotypic 
differences among wild-type, sense and antisense trans- 
genic plants after 24 h of methylglyoxal treatment. Plants 
expressing the Gly I gene in antisense orientation (NtBIA- 
14) showed early bleaching/senescence compared with 
wild-type tobacco plants. However, plants over-expressing 
the Gly I gene (NtBISI— 11) showed tolerance to methyl- 
glyoxal treatment with no significant bleaching. In general 
leaf discs from control as well as transgenic plants were 
more sensitive to higher concentrations of methylglyoxal 
(20 mM). Measurement of the chlorophyll content in these 
plants after 24 h treatment further confirmed the observed 
phenotypic differences in the treated leaf discs (Figure 7b). 
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Incubation of the leaf discs, obtained from wild-type and 
sense transgenic plants over-expressing high (NtBIS1-11) 
and medium (NtBIS1-15) levels of glyoxalase I, in 400 and 
800 mM of sodium chloride, showed an early bleaching of 
wild-type leaf discs compared with sense transgenic plants, 
as shown in Figure 8(a). At both {400 mM and 800 mM) salt 
concentrations, the decrease in the chlorophyll content in 
NtBIS1-11 and NtBIS1-15 was less compared with the wild- 
type plants (Figure 8b). These results provide evidence for 
a positive relationship between the expression of Gly I and 
tolerance under salt stress. 

Discussion 

In the present study, we have cloned and characterized 
glyoxalase I cDNA from R juncea. We have generated 
transgenic tobacco plants in which glyoxalase I was either 
over-expressed or down-regulated to various degrees to 
understand its physiological significance in higher plants. 

Analysis of the isolated Gly I cDNA clone has revealed 
significant homology at the nucleotide as well as at the 
amino acid level with other reported glyoxalase I sequences 
from plant, animal and microbial systems. The ORF of Gly I 
codes for 185 amino acids and shows zinc and glutathione 
binding domains atthe positions similartothe other known 
glyoxalase I. The calculated molecular mass was found to 
be lower than the size of the functional protein expressed 
in E. coli (24 kDa) and the apparent molecular mass of the 
purified glyoxalase I from R juncea (» 27 kDa). Even in 
tomato the molecular mass of the deduced amino acid 
sequence of glyoxalase I was 20.7 kDa, whereas over- 
expressed protein in yeast was found to have a size of 
24 kDa (Espartero et al, 1995). In fact, the polyclonal 
antibodies raised against R juncea glyoxalase I cross- 
reacted with tomato glyoxalase I with an apparent molecu- 
lar mass of 27 kDa, similar to that of glyoxalase I from 
R juncea (data not shown). These variations in the molecu- 
lar mass of glyoxalase I suggest that the protein might be 
undergoing post-translational modifications. Analysis of 
the deduced R juncea glyoxalase I protein sequence 
revealed one serine and four threonine phosphorylation 
sites and two N-myristoylation sites. Evidence for post- 
translational modification of glyoxalase I in yeast has been 
presented (Inoue et al, 1990). At present the significance 
of these modifications is unclear. It seems, however, that 
all post-translational modification sites may not be essen- 
tial for the activity of glyoxalase I, as E co//-expressed 
protein showed very high specific activity (1200-fold) and 
these cells conferred tolerance against high concentrations 
of methylglyoxal. 

Various studies on animal and microbial systems have 
suggested a possible role of glyoxalase system during cell 
division and proliferation (Thornalley, 1993). In plants too, 
similar correlations have been reported (Deswal et al., 



1993; Paulus ef al, 1993; Seraj etal, 1992). The activity of 
glyoxalase I has also been shown to be affected by various 
exogenous factors (Chakravarty and Sopory, 1998; Deswal 
ef al, 1993; Sethi etal, 1988). Recently glyoxalase I from 
tomato was shown to be upregulated under salt and water 
stress (Espartero etal, 1995). In addition to salt and water 
stress, upregulation of glyoxalase I transcript was also 
observed in response to zinc (a heavy metal) in R juncea. 
In fact salt, water and heavy metal stresses significantly 
increased the level of transcript, protein and specific activity 
of glyoxalase I. This suggests that the upregulation of 
glyoxalase I may be a general effect in response to abi- 
otic stresses. 

To confirm further the role of the glyoxalase system 
during stress, we generated transgenic tobacco plants that 
were over-expressing Gly I gene in sense and antisense 
orientations. The effect of stress was tested using the leaf 
senescence assay method (Fan ef al, 1997). The plants 
over-expressing Gly I in sense showed significant tolerance 
against high concentrations of sodium chloride compared 
with wild-type plants. The resistance against salt stress was 
clearly indicated by delayed yellowing and the presence of 
high chlorophyll content in the leaf discs obtained from 
sense transgenic plants. 

The exact mechanism of how over-expression of glyoxal- 
ase I in sense transgenic plants confers tolerance, as 
assayed by the senescence of leaves, in response to salt 
stress is not known. It could be that under stress cells 
become metabolically active, which is mirrored by upregul- 
ation of enzymes involved in glycolysis and the TCA cycle 
(Umeda ef al, 1994). As a result of this, an increase in the 
flux of triose phosphate could lead to an increase in the 
concentration of methylglyoxal, which has been shown to 
decrease the rate of cell division (Scaife, 1969; Szent- 
Gyorgi and Egyud, 1966) and causes cell death (Kalapos 
ef al, 1991). In plants too, a high concentration of methyl- 
glyoxal and low glyoxalase I activity have been reported 
in Douglas fir needles (Smits and Johnson, 1981) and in 
differentiated tissues of higher plants (reviewed in Deswal 
ef al, 1993). Exogenous application of methylglyoxal in 
pea calli resulted in a decline in the rate of cell division 
(Ramaswamy ef al, 1983). A system producing more gly- 
oxalase could therefore convert methylglyoxal into a non- 
toxic form, thus preventing the system from its cytotoxic 
and mutagenic effects during stress conditions. To test 
this, leaves of transgenic plants over-expressing Gly I 
when incubated in higher concentrations of methylglyoxal 
showed increased tolerance compared with wild-type 
plants. One of the plants expressing Gly I in antisense and 
showing less protein and enzyme activity showed higher 
sensitivity to methylglyoxal compared with wild type; how- 
ever, complete bleaching was not seen. This could be due 
to the presence of residual Gly I activity in the antisense 
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plants, which also did not show any change in phenotype 
compared with the wild type. 

Besides detoxification of methylglyoxal, the glyoxalase 
system could also play a role in providing tolerance under 
stress by recycling glutathione that would be 'trapped' 
spontaneously by methylglyoxal to form hemithioacetal 
(Creighton et al., 1988; Thornalley, 1990), thereby main- 
taining the glutathione homeostasis. Methylglyoxal has 
been shown to decrease the level of protein thiol (Baskaran 
and Balasubramanian, 1990) and reduced glutathione GSH 
(Kalapos et al., 1991; Leoncini et al., 1989). It is known that 
reduced glutathione is essential for the effective scaven- 
ging of toxic compounds (such as H 2 0 2 and organic hydro- 
gen peroxides) and for the maintenance of other 
antioxidants such as ascorbates and tocopherols (Alscher, 
1989). It is likely that changes in GSH:GSSG ratios could 
alter redox-sensitive regulatory proteins, such as thiore- 
doxin and glutaredoxin, that could in turn control the 
activities of enzymes having a critical role during cell 
division/proliferation or stress (Brigellius, 1985; Wolin and 
Mohazzab, 1996). In addition, GSH is known to stimulate 
a variety of defence responses in plants (May ef al., 1998; 
Wingate et al., 1988). Moreover, over-expression of genes 
involved in the regulation of glutathione homeostasis 
(namely glutathione reductase, glutathione S-transferase/ 
glutathione peroxidase) in transgenic plants has been 
shown to result in an increased tolerance against oxidative 
stress (Aono et al., 1993; Broadbent et al., 1995; Foyer 
era/., 1991; Noctor et al., 1998; Roxas et at., 1997). Unlike 
these studies, the advantage of transgenic plants over- 
expressing Gly / would lie in reducing the level of methyl- 
glyoxal under stress conditions and enabling regeneration 
of free glutathione from hemithioacetal. As no significant 
differences were observed in the growth and development 
pattern of wild-type, sense and antisense transgenic plants, 
over-expression of Gly I may have an advantage in that it 
could confer tolerance in response to abiotic stresses 
without having any adverse effect on the normal plant 
growth and development. 

Experimental procedures 

Purification of glyoxalase I and raising antibodies 

Glyoxalase I enzyme from B. juncea was purified to homogeneity 
following ammonium sulphate precipitation, affinity (S-hexyl- 
glutathione sepharose 4B), and gel-filtration column chromato- 
graphy as described by Deswal and Sopory (1991). The specific 
activity of the enzyme was determined according to the protocol 
described by Ramaswamy et al. (1983) and expressed in units 
mg" 1 of protein. The polyclonal antibodies against purified glyoxal- 
ase I protein were raised by immunizing New Zealand White 
rabbits with intradermal injections of 250 \ig of antigen (glyoxalase 
I) emulsified with Freund's adjuvant. The glyoxalase I IgG antibod- 
ies were purified using the ammonium sulphate precipitation 
method (Harlow and Lane, 1988). The specificity of antibodies 



against glyoxalase I was checked by immunoprecipitation assay 
and Western blotting. 

Construction and screening of the B. juncea cDNA 
expression library 

Total RNA was isolated from cotyledonary leaves of mannitol 
(400 mM)-stressed 7-day-old B. juncea seedlings (Chomczynski 
and Sacchi, 1987). Poly (A)+ RNA from total RNA was isolated 
using oligo (dT) -cellulose (Sam brook et al., 1989), The cDNA 
synthesis was done using a Time Saver cDNA synthesis kit 
(Pharmacia). The cDNA was linked to EcoRI adapters and cloned 
into FcoRI-digested Lambda Zap II arms followed by packaging 
with Gigapack II gold extracts and amplification according to the 
manufacturer's instructions (Stratagene). The resulting phage 
library contained 1 x 10 10 plaque forming units (p.f.u.) per ml. A 
total of (2 x 10 5 ) plaques was screened immunologically using a 
1 ; 2500 dilution of the glyoxalase I antibodies as per the standard 
protocols (Sambrook et al., 1989). The immuno-positive plaques 
were purified to single species. Phagemid DNA in the form of 
pBluescript SK(-) was excised from the Lambda Zap II vector 
using an ExAssist/SOLR in vivo excision kit (Stratagene). The 
sequencing was done using Sequenase™ version 2 kit (USB). The 
deduced amino acid sequence from the cDNA clone (pBSGLYIVA3: 
Genbank accession number Y13239) was aligned with other known 
glyoxalase I sequences using the ClustlW alignment program 
(Mac vector, Version 6). 



Over-expression of Gly I from B. juncea in E. col i 

The coding region of the gene was amplified using PCR, with 
primers 5'-CGG GGTACC ATGGCGTCGGAAGCGAAGG-3' and 5'- 
TG CTCTAGAGCTCTCAAG CTG CGTTTCCG GCTG -3 ' designed to 
create a Nde\ site at 5' end and Xho\ site (underlined) at the 3' 
end. The amplified DNA was subcloned into E. coll expression 
vector pRSETA at Nde\jXho\ sites (Novagen), resulting in the 
ptasmid pRSETA-G/y / which was introduced into E. coli 
|BL21(DE3)] cells for protein over-expression. The E. coli cells 
carrying pRSETA-G/y / and pRSETA vectors were grown at 37°C 
in LB medium containing 100 ng ml" 1 ampicillin to an ODeoo of 
0.5, and induced with 0.5 mM IPTG. Cells were harvested after 2 h 
and protein profiles were analysed by 12% SDS-PAGE (Laemmli, 
1970). For estimation of glyoxalase I activity, E. coli cells were 
suspended in the extraction buffer, and following sonication and 
centrifugation at 12 000 g for 15 min at 4°C the enzyme activity 
was measured in the supernatant as described earlier. 

The methylglyoxal cytotoxicity test was performed by plating 
overnight grown E. coli cells carrying pRSETA-G/y / and pRSETA 
vectors on an LB agar plate supplemented with 50 ng ml -1 ampicil- 
lin, 1 mM IPTG and various concentrations of methylglyoxal ran- 
ging from 0 to 30 mM. Plates were incubated at 37°C overnight 
and the total number of colonies in each plate was counted and 
percentage survival of the E. coli cells calculated. 



PI asm id vectors and generation of transgenic plants 

Two vectors, pBI-S1 and pBI-S2, for over-expression and one 
vector, pBI-A, for antisense suppression of glyoxalase I, were 
constructed for tobacco transformation (Figure 4a). In PBI-S1, the 
Gly I and the reporter uidA genes are under the control of separate 
CaMV 35S promoters and NOS polyadenylation signals, whereas 
in PBI-S2 these are under a control of single CaMV 35S promoter. 
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The PBI-A is like PBI-S2, but the Gly I is placed in an antisense 
orientation. The full-length B. juncea Gly I cDNA XballEcoRV 
fragment from pBGLYIVA3 was placed at the Xba 1/ Sad -digested 
pBI221 vector (Clontech) to create the pBI221-G/y / vector. The 
chimeric glyoxalase I gene cassette was excised as a PvuW frag- 
ment from pBI221-G/y / and cloned into a pB!121 binary vector 
(Clontech) at the H/ndlll site (end filled) to create the pBI-Sl vector. 
The PBI-S2 and PBI-A vectors were constructed by cloning a 
EccR\ljSma\ fragment from (pBSGLYIVA3) plasmid containing full- 
length Gly / cDNA into the Sma\ site of the pBI121 vector in sense 
and antisense orientations, respectively. 

The recombinant plasm ids were transferred into Agrobacterium 
tumefaciens (LBA4404), Tobacco {Nicotlana tabacum cv. Petit 
Havana) leaf discs were transformed following a leaf disc trans- 
formation procedure (Horsch et ai, 1985) with Agrobacterium 
containing pBI-Sl, pBI-S2 or pBI-A. Putative transgenic plants 
were screened using a histochemical GUS assay (Jefferson, 1987). 
A number of primary transformants (T G ) were selected and ana- 
lysed further. 



Stress treatments to B. juncea seedlings 

The roots of intact 4-day-old B. juncea seedlings were transferred 
into various concentrations of sodium chloride (0, 50, 100, 200, 
400 and 800 mM), mannitol (0, 100, 200, 400 and 800 mM) and zinc 
chloride (0, 10, 20, 50, 100 and 200 mM) for different time intervals. 
Cotyledonary leaves and roots of the stressed seedlings were 
harvested after 0, 24, 48 and 72 h. Seedlings grown in water for 
the same period of time were taken as a control. 

Nucleic acid extraction and analysis 

Genomic DNA was isolated using the CTAB (N-cetyl-N, N, N,- 
trimethylammonium bromide) method (Murray and Thompson, 
1980), and following digestion with appropriate restriction 
enzymes was blotted onto Hybond N + nylon membranes (Amer- 
sham). Total RNA was isolated following an extraction method 
described by Chomczynski and Sacchi (1987). About 30 ng of total 
RNA samples were fractionated on a 1.2% formaldehyde agarose 
gel, transferred onto a nylon membrane and probed with either 
of the radiolabelled Gly /, uidA, 16S rRNA and act in genes. 
Hybridization was carried at 65°C in 5 x SSC, 5 X Denhardt's, 0.1% 
SDS and 100 ^g ml 1 denatured salmon sperm DNA for 16-18 h. 
Membranes were washed twice in 0.5 x SSC, 0.1% SDS and 
0.1 x SSC, 0.1% SDS for 15min each at 65^. Relative signal 
intensities were normalized by reprobing the blots with 16S 
rRNA and actin genes. Hybridization signals were quantified by 
densitometric scanning of autoradiograms using a laser densito- 
meter (LKB Ultrascan, Sweden). The number of G/y /gene copies 
inserted into tobacco genome was determined by including a 
calibrated amount of pBGLYIVA3 plasmid (one, three and five 
copies per genome) for reconstruction in Southern blot analysis 
as described by Croy (1993). The intensity of the signal obtained 
in each lane was compared with the intensity of the signal 
obtained in the lanes containing digested genomic DNA from the 
transgenic plants. 



Protein extraction, SDS-PAGE and immunoblotting 

Total soluble proteins were extracted in 1 : 2 (w/v) of 100 mM 
sodium phosphate buffer (pH 7.0) containing 16 mM MgS0 4 , 50% 
glycerol, 1 mM PMSF and 0.2% polyvinylpyrrolidone. The protein 
concentration was estimated spectrophotometrically by the 



Bradford (1976) method. About 2-5 \ig of total proteins were 
electrophoresed on 12% SDS-PAGE, electroblotted on nitrocellu- 
lose membranes and immunodecorated with glyoxalase I antibod- 
ies (1:2500). Goat anti-rabbit IgG conjugated with alkaline 
phosphatase (Sigma) was used as a secondary antibody. The 
antigen-antibody complexes were visualized by the reaction of 
NBT/BCIP as described in Harlow and Lane (1988). 



Analysis of transgenic plants for methylglyoxal and salt 
sensitivity 

Healthy and fully expanded leaves from wild-type and transgenic 
plants were detached and washed briefly in deionized water. 
Leaf discs of 1 cm diameter were cut and floated in 5 ml of 
methylglyoxal (5 and 20 mM) and sodium chloride (400 and 
800 mM) solutions for 24 h and 72 h, respectively. This method of 
leaf treatment was based on that described by Fan et al. (1997) 
with minor modifications. The treatment was carried in continuos 
white light (100 ^Em _2 sec- 1 ) at 25 ± 2°C. The chlorophyll content 
was measured as described by Arnon (1949). 
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